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The present volume has been written with tlie same 
purpose tliat guided the authors in the preparation of 
their " Elements of Phyaica," a book which has long been 
received with marked favor. Tlie advauees io physics 
are so rapid, and the point of view from which many 
topics are now considered is so different from that of half 
a, dozen years ago, that it seemed best to make an entirely 
new book rather than a revision of the former one. The 
order of the general subdivisions has been changed to 
tbat employed by one of the authors in his " UuiverHity 
Physiee," an order which has been approved by experience. 

The authors hold firmly to the opinion that the class- 
room and the laboratory should he provided with separate 
books. The material which must be included in any text- 
book for the class-room makes by itself an ample volume ; 
none of it can be omitted without serious sacrifice. The 
addition of quantitative experiments for laboratory prac- 
tice must either overload th.e volume devoted primarily 
to the exposition of principles, or it will result in an 
incomplete and unsatisfactory treatment of the directions 
for the laboratory. A class-book and a hand-book for the 
laboratory should be prepared from different points of 
view. The former should be devoted to a clear exposition 
of principles by qualitative experiments and by precise 
didactic statements ; the latter should contain somewhat 
minute directions for the quantitative experiments of the 
laboratory. 
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The authors* thanks are due to the publishers for their 
generous aid in furnishing so many excellent woodcuts to 
illustrate the book. These are not only faithful represen- 
tations of actual apparatus, but they also possess artistic 
merit and make the book attractive. 



PREFACE TO REVISED EDITION. 

The chief feature in this revision is the substitution of 
an entirely new set of problems in place of those of the 
former edition. Great care has been taken in their prepa- 
ration, so as to secure variety, to arrange in graded series, 
and to reduce the arithmetical Wi?.rk of the solutions to. 
the lowest limit. The number of problems is so great 
that for most classes the teacher wilf doubtless find it 
desirable to omit many of them. It is sruggested that no 
more be assigned for solution than the ave^.rage pupil can 
readily solve. 

Important changes have been made in th^fl chapter on 
the Mechanics of Solids with the view of le\;ssening the 
difficulties for immature students. Physics is iNiot an easy 
subject ; and if by omitting the more difficult toV)ics it is 
made so easy as to require no intellectual effcyrt, the 
subject will have lost most of its value. 

The authors hold to their former view that an eleiWent- 

ary book should be restricted to settled facts and A'^rm- 

ciples, avoiding both radical novelties in treatment \ana 

unconfirmed hypotheses which may properly find a pU ^®® 

in advanced courses in physics. 

H. S. C 

/ II. N. C. 

Ann Arbor, Michigan, 

May, 1907. 
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INTRODUCTION. 

When we examine attentively the facts of nature about 
lis, we study what are called physical as distinguished 
from mental phenomena. In this study it is necessary to 
assume the reality of this outer world of nature, and to 
assert that external objects exist apart from and indepen- 
dently of the mind of any one observing them. It is true 
lihat we become acquainted with the physical universe 
solely by means of our senses, but these alone do not 
enable us to decide whether the outer material world has 
a real existence or only the appearance of it. The final 
test of physical reality, or that the material world is 
as real as the mental one wliich gives us thoughts and 
feelings, is the fact that the physical world remains un- 
changed in quantity, or fixed in amount, however it may 
be measured. Tried by this test, there are only two 
elasteg of things in the physical world — matter and energy. 

1, Hatter. — It is only a colorless definition of matter to 
say that it occupies space. It is better described by its 
properties, to which the next chapter is devoted. Science 
is not yet able to tell what matter is, but the balance has 
demonstrated that it is invariable in amount, whatever 
form it may be made to assuroe. 

A limited portion of matter is a body, and different 
kinds of matter, having distinct properties, are called ffui- 
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A gold coin, a drop of water, air eut-losed in a. 
,re bodies. Gold, water, and air are Bubstancea, 
since each has properties distinct from the others. 

2. Energy. — It is a fact of comnion observation that 
body in motion can impart motion to another body, either 
by direct collision or otherwise. It is customary to say 
in such a case that the first body doet work on the second. 
One body may also impart motion to another by virtue of 
its relative position. Thus, the weight of a clock when 
wound up gives motion to the pendulum and keeps it 
swinging against the resistance of the air and of friction. 
Whenever one body changes the motion or relative posi- 
tion of another, against a resistance opposing the change, 
the first body is said to do work on the second. Energy 
may be defined as the capacity for doing work. It l 
grand doctrine of modern science that the energy of the 
physical universe is conserved, or is invariable in amount. 
This principle of the Conservation of Energy will becomal 
clearer when we have studied the various forms which I 
energy may assume, and its conversion from one of thesQ* 
forms into another. 

3. Physics. — In its most general aspect Physics may. 
be defined as the science of matter and energy. It is desirr 
able, however, to restrict this definition so as to ezcluda 
problems involving celestial bodies and their motion^ 
(Astronomy), discussions relating to the nature and iutec^ 
action of different forms of matter (Chemistry), and the 
laws of matter and energy in living things (Biology), 
The distinction between Physics and Chemistry is a somei 
what artificial one, and is becoming less clearly defined 
science advances. 
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4. Physical Fhenomena, Theory, Law. — Any change 
taking place in matter and not altering its composition is 
a phyiical phenomenon. The fall of a raindrop, the 
freezing of water, the melting of lead, a flash of lightning, 
the colors of the rainbow, the setting of the sun, the ring- 
ing of a bell, are all physical phenomena. 

An hypotkesia is a supposition advanced to explain phe- 
nomena. The more varied the phenomena it explains, the 
greater the probability of ita truth. When the evidence 
in its support becomes large, it is raised to the rank of a 
theory; and, finally, it becomes a law when its truth is 
fully established. 

J'hyncal law expresses the constant connection between 
related phenomena. For example, it is found that if a 
quantity of gas, as air, be compressed at a constant temper- 
ature, its volume will <lecrease in the same ratio as the 
pressure is increased. This is the law of the compressi- 
j bility of gases. 

6. An Experiment consists in producing a phenomenon 
under conditions chosen and controlled by the experi- 
menter. By making definite changes in the conditions 
one by one, the results may enable him, by a process of 
exclusion, to fix the conditions necessary to the phenome- 
non in question, and so to discover the law embracing it. 
The basis oE all experimentation ia the belief in the con- 
ttancy of nature, as enunciated in the statement that 
''^vnder the same physical conditions the same physical results 
-tfUl tUivaya be produced, irrespective altogether of time and 
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CHAPTER I. 
PBOPERTIES OF MATTER. 



6. The FropertieB of Hatter are its peculiar qualities 
which serve to dBscribe it and to define it provisionally. 
They are, in general, the different ways in which it pre- 
sents itself to our senses. These properties are either 
general, that is, those common to all kinds of matter in 
whatever state or physical condition they may be ; or 
epeoial, those distinctive of sonie kinds of matter and con- 
spicuously absent in others. Thus, all njatter has extenBion, 
or occupies space ; but a piece of window glass lets light 
pass through it, or is transparent ; while a piece of slate 
does not transmit light, or is opaqite. A watch spring re- 
covers its shape after bending, or is elastic ; while a strip 
of lead possesses this property in so slight a degree that it 
is claased as inelastic. Extension is a general property of 
matter, while transparency and elasticity are special 
^«)perties. 

7. Extension. — All matter occupies space or has dimen- 
fflons. This general property is known as extension. The 
dimensions of a body are its length, breadth, and thickness, 
or all bodies occupy space of three dimensions. A sheet 
of writing paper or of gold-leaf appears, at first thought, 
to have only two dimensions, length and breadth ; but its 
third dimension is relatively small, and if its thickness 
should actually become zero, it would cease to be a sheet 
of paper or a piece of gold-leaf. 
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8. Measurement of Extension. — The meaatirementof ex- 
tension is made in terma of some unit of length, which ta 
chosen arbitrarily. The uDits of area and of volume are 
the square and the cube respectively of the unit of length. 

The two systems of units in common use are the Enylith 
and the Metric. The former is generally used in Great 
Britain, Canada, and the United States, while the latter is 
almost exclusively used on the continent of Europe. The 
standard of length in the English system is the ImpervH 
Yard. It was defined by Act of Parliament in 1855. 
as the distance between the transverse lines in two gold 
plugs in a certain bronze bar at 62° Fahrenheit deposited 
in the Office of the Exchequer. One-third of the yard ia 
the Foot^ and one thirty-sixth is the Inch. 

In the Metric system the Metre is the standard unit of 
length. It ia defined fop the United States by the length 
of a certain platinum-iridium bar, at the temperature of 
melting ice, or 0° C. (Centigrade scale). This bar is pre- 
served in the National Bureau of Standards, 

The metre as a standard length is in no way superior tc 
the yard. Its great advantage lies in the fact that its 
multiples and submultiples are all in the decimal system. 
It is therefore much more convenient to use than the yard| 
with its irrational subdivisions. Its universal adoptiMi 
by civilized nations is only a question of time. 

The metre (m.) is divided into 10 decimetres (dm.), 
the decimetre into 10 centimetres (em.), and the centimetre 
into 10 millimetres (ram.). The only multiple of the metre 
of practical use is the kilometre (km.), equal to 1000 metres. 
It ia the unit employed on the continent of Europe for 
such distances as we express in miles. One kilometre 
equals 0.6214 mile, or one mile equals 1.6093 kilometres. 
ihUnited States Qallon (231 cubic inches), anc 
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(1000 cubic centimetrea), are legal units of volume 
'■ftw liquid measure. Tables for the converaion of quanti- 
ties from one system of units into the other will be found 
in the Appendix. 

By Act of Congress in 1866, the use of the metric sys- 
tem of weights and merf&ures became lawful throughout 
the United States, and the weights and measures in com- 
mon use were defined in ternas of the units of the metric 
system. By this same act the legal value of the metre 
in the United States is 39,37 inches, and the yard is now 
defined as being fj^f of a metre. When approximate 
values only are needed, the metre may he taken to be 39^ 
inches, tile centimetre as ^ inch, the kilometre as | mile, 
and the litre as 2^ pints. 

9. KaBB. — Mass has often been defined as the quantity 
of matter in a body. It is in fact the measure of the body's 
inertia (§§ 13, 38), that is, of the resistance which a body 
offers to niution or change of motion. The mass of a 
body is independent of the kind of matter composing it. 
It is not weight (§ 51), because mass is independent of 
gravity. The mass of a ball of iron would he the same it 
ihe ball could be taken to the nflrth pole, to the centre of 
the earth, or to the sun. But its weight at the earth's 
centre would be zero, and at the surface of the snn nearly 
twenty-eight times as great as at the earth's surface. 

10. HeaBUjemetit of HasB. — Two systems of raeasuring 
mass are in legal use in Great Britain and the United 
States. The standard units of mass are the Atmrdupois 
Pound for the British system, and the Kilogramme for 
the rnetric system. The Ton of 2000 pounds is the chief 
multiple of the pound in the United States ; its submulti- 
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pleij are the Ounce and the Grain. The avotrdapoi 
pound 13 equal to 16 ounceB, and to 7000 grains. Tb 
ooiuage of the United States 18 regulated by the "troy 
pound of the mint." containing 5760 grains. 

For the United States the standard unit of mass in the 
metric system is the mass of a certain piece of platinum- 
iridium preserved in the National Bureau of Standards in 
Washington. This standard kilogramme and the standard 
metre in the same Bureau were prepared bj an Inter- 
national Committee, and they are called " National Proto- 
types." The real prototypes are kept in the oational 
archives in Paris, The kilogramme was originally de- 
signed to represent the mass of a cubic decimetre of pure 
water at 4° C, the temperature of the greatest density of 
water. The gramme is the thousandth part of a kilo- 
gramme, and is very nearly equivalent to the ma«s of a 
cubic centimetre of pure water at 4° C. The grar 
(gm.) is divided into 10 decigrammes (dgm.), or into 
1000 miiligrammea fmgm.) One kgm. equals 2.2 lb. nearly* 

11. Impenetrability. — Matter not only occupies space, 
but one portion of matter appears to occupy a portion of 
space to the entire exclusion of all other matter. This 
property of impenetrability means that no two portions of 
matter, however small, can occupy the same space at th* 
same time. The volume of an irregular solid is sometimW 
measured by measuring the volume of liquid displacaO 
when the solid is completely immersed in it. The metboSi 
is based on this property of impenetrability, ri Ct ( t^ 

18. Porosity. — Impenetrability does not precl^^e inter- 
penetration of matter. ThQs, a sponge or a piece of sand- 
stone may absorb much water without change of volume. 
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Ml matter is probably apongelike or poroua in struc- 
mre, and the property correapondiag to this structure is 
jailed porositi/. Tliese pores, whether visible or invisible, 
ire in reality not a part of the space occupied by the 
naterial of the body. They may therefore be filled by 
wine other material. 

Bzperiineiit — Into a long teat-tuba pour 27 cm*, (cubic centimetres) 
)f water. Add carefully 23 cm', of strong alcohol, tipping the test- 
nbe BO that the liquid flows down ita walla. Mark the poaition of the 
mrface of the alcohol, and theu mix the two liquids thoroughly by 
ihaking. The volume will shrink to 48,8 cm*. 

The porosity of some metals is shown by the fact that 
jases pass through them. Palladium has the capacity oi 
.bsorbing a large quantity of hydrogen, and carbon diox- 
ide passes quite freely through red-hot cast iron. The 
lalt glaze on earthenware is poroue and ia penetrated by 
Bome liquids. Agate, though extremely hard, ia still 
porous; advantage is taken of this property to color it, 
some layers being more porous than others. Glass and 
Other vitreous bodies are not known to be porous. 

13. Inertia. — The most characteristic property exhib- 
ited by matter ia inertia. In fact, inertia is the onli/ 
proparty inherent in matter which has to do with motion. 
Inactia is the persistence of matter in whatever state of 
TMt or of motion it may chance to be, and its resistance 
to any attempt to change that state. If a moving body 
'M stopped, its arrest is always due to some influence 
pWaiile of itself j and if a body at rest be set in motion, 
TO motion must be imparted to it by some other 

Many familiar phenomena are due to inertia: for ei- 
tll)[ile, the onward motion of a rider when his horse aud- 
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dealy shies or stops; the oscillation of water in a pail 

when carried; the water flying from a revolving grind- 

Btone ; the persistence 

with which the asia of 

rotation of a spinning 

top maintains its direc- 
tion. The violent jar to 

a water pipe on suddenly 

closing the faucet is due 

to the inertia of the 

stream. Tall columns 

and detached chimneys 

are sometimes twisted 

around on their base by 

sudden gyratory earth- 
quake movements. The 

sudden twist of the earth 

under the column leaves it behind, an4 
the slower return motion of the grounC* 
carries the column with it. Figure 1 i* 
the picture of such a monument in Indi' 
twisted on its base in this way by »^ 
earthquake, 



Experiment. — Suspend a heavj weight -^ 

(Fig. 2) by a string, aod to tlie nuder side *^-' 

tlie weight attach a small bar B by a. pieoe 

the same string. If we pull steadily donnwol'^ 

on B, the string will break above A. The te) 

sion in the upper string is greater than in til 

lower one because it has to support the weight) 

F.g 2 A and reeist the pull applied at B. If, hoW' 

ever, we pull downward iurfrfen^y on B, the Btringi 

will break below A. On account of the inertia of tbe heavy weigh(p 

the lower string breaks before tb« sudden pull reaches the upper string,, 
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Elastioity. — Apply pressure to a rubber ball, stretch 
a common rubber band, bend a piece of watch spring, 
twist a stout cotton cord. In each case the form or the 
volume has been changed, and the body has been strained. 
A strain means either a change of size or a change of 
shape. As sooa as the distorting force, or stress, has been 
withdrawn, these bodies recover their initial volume and 
dimensions. This property exhibited by matter of recov- 
ery from a strain on the removal of the stress is called 
elasticity. It is called elasticity of form when the body 
recovers its form on the removal of the force of distortion; 
and elasticity of volume when the temporary distortion is 
one of volume. Gases, vapors, and liquids possess perfect 
elasticity of volume ; that is, they recover their initial 
volume when the initial pressure is restored ; but they 
have no elasticity of form. In the case of solids the 
recovery from distortion is incomplete if the distortion 
is pushed beyond a limit which is different for different 

I substances. When permanent al- 
^■HB teration is about to take place, the 
I body has reached its elastic limit. 
I Some solids, when subjected to 
I long-continued forces, suffer elastic 
I fatigue, yield slowly, and never 

I recover their original form. Shoe- 

B 1^^ maker's wax is an example. 

^PM^mI^^B^ The elasticity of a body may be 

^^m^^T^^^^^^m called forth by pressure, by stretch- 

I^^^^^^^^^^P^ ing, by bending, or by twisting. 

■ F,g. s. The bounding ball and the common 

popgun are illustrations of the 

firat; rubber bands are familiar examples of the second; 

bowB and springs are instances of the third ; the torsional 
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pentiuliim (Fig. 3) and the stretched spiral spring exein-! 
plify the fourth.^ 

15. Hooke's Law. — The law of the distortion of elastic ^ 
bodies was first announced by Hooke in 1676. It ma^J 
be briefly expressed by saying that the stress of restitution! 
is proportional to the strain; or, in other words, the foroH 
of restitution is proportional to the change of form. lUa^| 
trations will make the meaning of the law clearer. Clain^9 
a flat steel bar by one end in a vise, the flat side horizoata^| 
Load the free end with weights by means of a light scald 
pan, and observe the bending of the bar. The vertifi^fl 
deflection of the end of the bar should be noted with somfl 
convenient weight in the pan. Then double the weigljW 
and note the new deflection. It will be double the firet on<S 
The amount of the bending or distortion of the bar iS 
proportional to the weight. Force is required to bend ^fl 
inelastic bar like lead, but there is no elastic force of li^tfl 
covery of form when the bending force is removed. ^ 

Experiment. — Turn the weight of Fig. 3 through 15 degrees aad] 
release it, noting tlie period of the torsional vibration by obaerTJngJ 
the intervals in seconds between the succeasive passages of tbftl 
pointer through the position of rest. Then turn the weight through I 
30 degrees and observe the period of vibration ngain. Repeal with a M 

' The coefficient of elasticity of volume is the quotient of the preano^l 
applied b; the compression produced by it. By pressure is meant fl^H 
Intensity of pressure, or the pressure on unit area ; and by corapreBaiol(H 
the compression Buffered by unit volume. Letp be the Increase of preas^ 
ura on unit area, and let the original volume V become V — p. Then — | 
!b the compression for a unit of volume, and the coefBcient of elasticity i» J 
p-^ — = " — A general definition of the coefficient of elasticity fB tb^H 
quotient of the stress called out ia the body by the strain. A stress 1^^| 
force and a strain is a distortion. Elasticity is measured by the rUiOn^H 
h.Uie internal stress to the strain. ^^| 
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twist of 45 degrees, and so od. It will be found that the period of 
torsioDal vibration is (be same whatever the twist of the weight and 
wire. The force teoding to briiig tile weight back to its rest position 
is proportional to the augle of twist or to the distortion, and therefore 
the period is imufFected by the angulur twist. With double the angle 
to swiug tbrough, there is double the force to cause the weight to 
swing in the same time. 

Experiments of similar import may be made by stretching heavy 
rubber band'j or strips. The amount of stretching will be propor- 
tional to the force applied. 

16, Plastioity. — Plasticity is tlie inability of a bod^ to 
recover from tlistLirtiou produced by a stress. In so far 
as bodies ai'e Dot eluatic they are plastic, ivnd elastic bodies 
are plastic beyond the limits where they cease to be' per- 
fectly elastic. Pliiatic bodies require force to chauge their 
shape, but they do not require the continued application 
of force to maintain the change. Elastic bodies spring 
baek when the force o£ distortion is removed; plastic 
bodies do not. Bodies are classed as elastic if they ha,ve 
a large limit of elasticity, and plastic if their limit of 
elasticity is small, A bar of lead will vibrate when 
struck, showing that it is elastic ; but its limit of elasticity 
is smalt, and it is therefore classed as a plastic body. 

17- CohMion. — All bodies are made up of very rai- 
nnte invisible particles called molecules. Cohesion is the 
Atirf><}tion between the molecules of a bodj'. It unites 
tbcae molecules or particles together throughout the mass, 
whether the molecules be like or unlike. Adhesion is the 
limolecular attraction uniting bodies by their adjacent sur- 
^C68, Cohesion holds together the molecules of a sub- 
f^Qce so as to form a larger mass than a molecule. It 
lists a force tending to break or crush a body. When 
les of white-hot wrought iron are brought 
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into intimate contact by hammering, they will cohere. If 
a clean glass rod be dipped into water and thea with- 
drawn, a drop will adhere to it. Graphite is ground to a 
very fine powder and cleaned chemically by boiling with 
nitric acid and chlorate of potash. It is then washed, 
dried, and compressed in moulds by a powerful hydraulic 
press. The black powder is by this means converted into 
a solid slab which may be sawed into thin strips for lead 
pencils. The pressure causes the clean particles to cohere. 



e of the scale pans of a btdance » 



Experiment — Suspend from 
perfectly clean glass disk by 
means of threads cemented 
at three points (Fig. 4). 
After counterpoising the 
disk, place below it a vessel 
of water and adjust the 
apparatus so that the disk 
touches the surface of the 
water when the beam o£ the 
balance is horizont^. Now 
add weights to the pan till 
the disk is separated from 
the water. An examination 
of the under surface of the 
glass plate will show that a 
film of water has been pulled 
away with the glass. The 
force of adhesion between 
the gla»B and the water la 
greater than the force of 
cohesion In the water. 



18. Moleoolar Attraction affected by Sistaaoe.^Little 
cubes of metal, with plane faces polished so smooth that 
they will adhere by slightly pressing them together, were 
made by Barton, and they are known as Barton's cubes. 




ig of a dozen were made to cling together ; tbey 
supported by the mntual attraction between mole- 
cules of adjacent surfaces. 

Ezpeiimeat. — Press firmly together two small lead disks, giving 
to them a slight twisting motion. The snrfacea in contact must be flat 
and bright. Thej will adhere quite firmly together. Two lead 
ballets, cut so a^ to present clean flat surfaces, may be used instead of 
the disks. 

This experiment shows that molecular forces act only 
through insensible distances. They diminish rapidly as 
the distance between the molecules increases, and vanish 
at a range something like a twenty-thousandth of a milli- 
metre. 

19. CryBtallizatioii.—Eiperiniont. — Dissolve 100 gra. of alum 
111 a litre of hot water. Hang Home strings in the solution and set 
aside ic a quiet place for several hours. The strings will be fouud 
covered with beautiful transparent bodies of regular form and 
Bimilar in shape. 

Most bodies, when they pass slowly from the liquid to 
the solid state under conditions that allow freedom of 
motion to the molecules, assume regular geometrical forms 
called orygtais. Such is the case when substances pass 
from the liquid state, either as a molten fluid or in aolu- 
tioii, to that of a solid. In the former the crystallization 
is said to take place by the dry way ; in the latter, by the 
moiat way. Snowflakes are beautiful crystals of myriad 
forms, but all of them hexagonal in outline. Cast zinc 
when broken shows a crystalline fracture. Substances 
which exhibit no plan in the grouping of the molecules are 
aud to be amorphoug. Glass, glue, and paraffin are exam- 
ples of amorphous bodies. 

When crystalline bodies are broken apart, the fracture 
consists in separating crystals from the face of other 
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cr)'6tals. This separation is most easily effected along 
certain de&nite planes called planet of cleavage. 

20. Tenacity. — Tenacity is the ability of a body to resist 
a force teudtiig to tear it asunder. It is measured by the ' 
greatest forep the body can bear per unit area of croas- 
section without breaking. 

Wrought iron has greater tenacity than cast iron ; tho 
most teuaciona metal is steel pianoforte wire. Lead ha 
the least tenacity of all solid metals. Phosphor-bronze an.< 
aluminum-bronse have high tenacity, and they are ther^ 
fore suitable for telegraph wires, where long spans 



21. Malleability. — Malleability is the property ^ 
by some substances of beiag beaten or rolled iuto aheefc- 
without breaking. Pure gold is more malleable than an, 
other substance. By hammering between pieces of goU 
beater's skin, it has been reduced tu sheets so thin tha 
300,000 of thera, placed one upon another, make but oi 
inch in thickness. Platinum, silver, lead, and tin poasea 
the same property, but to a leas degree. Zinc is malleabl^^ 
when heated. It can then be hammered, rolled, 
without fracture. 

Articles of cast iron may be made somewhat malleablei 
or less brittle, by heating them for several days in the 
presence of a suhstance, like the hlack oxide of iron, which 
removes from them some of the earhon of the cast itai() 
and gives to them something of the properties of wron^l 
iron. 

22. Ductility. ^ i)Mefci7i(y is the property of a metal 
which permits of drawing it into wire through a draw- 
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■_plate. Gold, platiuum, copper, and silver are highly 
'ductile. Substances of great malleability are usually also 

highly ductile ; lead is an exception. 

Other substances become highly ductile when heated to 

a high temperature. Thus, glass has been spun into such 
ifine threads that a mile would weigh only a third of a 

grain ; and Professor Boys has made t^uartz fibres so fine, 

by attaching the white-hot quartz to an arrow shot from 
'a bow, that they are invisible even under a microscope of 

high power. They are invisible because their diameter is 

less than a wave length of light (§ 294). 

23. Hardneu. — Hardness is the relative resistance which 
a body offers to scratching or abrasion by other bodies. 
The relative hardness of two bodies is ascertained by find- 
(ing which of them will scratch the other. For example, 
^las8 ia harder than copper because it scratches copper, 
1 Most substances, if suddenly cooled from a high temper- 
lature, become very hard. A few, like copper and bronze, 
■are softened b> sudden cooling The process of giving to 
a body a siutable degree of hardness 
IS called tempering, that of making 
it 18 soft as possible at ordinary 
temperatures is called annealing. 
Both processes consist in raising the 
temperature of the body and then 
cooling, either suddenly or slowly, 
lucording to the result desired, 

24 Absorption — Experiment — Pill a 

wids te'^t-tube with dried ammouia ga« 

by diaplacement over mercury. The gaa 

u be obtained by boiling strong amtnonia water in tt flaak and pass- 

8 through a tube lillud witb small lumps of unslacked lime. 
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Insert beneath the mouth of the test-tube a piece of freshly heated 
charcoal; the mercury will immediately begin to rise in the lube, 
cause the charcoal absorbs the ainmouia (Fig. 5). 

Gasea are condensed to a. greater or less degree on 
surface of all solids ; and since porous bodies, like chai 
coal, present an immense surface in their pores, they maj 
absorb large quantities of gas. One cm^. of boxwood' 
charcoal will absorb 35 cin^. of carbonic acid gas and 90 
era', of ammonia. It should be noted that gasea which 
are most readily liquefied are, as a rule, absorbed by 
porous bodies most greedily. Finely divided platinom, 
in the form called platinum sponge, absorbs hydrogen 
from a small jet so rapidly that the heat generated by the 
condensation raises the sponge to a red heat and ignites 
the hydrogen. It will al.to ignite illuminating gas. 

Air condensed on the surface of glass adheres to it with 
great persistence. In filling a barometer tube (§ 148^» ] 
it is necessary to boil the mercury in order to expel thei ^ 
air. The last trace of air can be removed only by repeate^^ 
boiling. I 

25. Diffusion. — Ejcpeciment. — Fill a large test-tube 
on foot two-thirds full of water, colored blue with litmus. 
Introduce a, few drops of sulphuric acid into the liquid 
at the bottom of the tube by means of a thiatle-tube 
(Fig. 8J. A reddish color will appear at the bottom, and. 
if the liquids are not disturbed for several hours, this 
change of color will move slowly toward the top. 

Eiperim.ent. — Fill two glass cylindrical jara with oxy- 
gen and hydrogen respectively, a.iid cover each with a, glass 
plate. Invert the jar of hydrogen and place it orer the jar 
of oxygen. Remove the glass plates and let the jars stand 
for about 20 minutes. Then apply a lighted taper to each 
jar; an esploaion will follow, eho wing that the gases have 
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In both of these experiments the heavier fluid movea 
up through the lighter, and the lighter down into the 
heavier. This interifiingling of fluids in contact is called 
diffusion. Liquids diffuse very slowly, but gases more 
rapidly. Each gas expands and fills 
both vessels as if the other gas were 
not present. In time, therefore, both 
vessels contain a uniform mixture. 
The presence of a second gas only 
increases the time required for a uni- 
form distribution. 




- Ezperiment. — CeiueDt a 
small porous battery cup to a. funnel tube. 
Connect the latter to a flask of water provided 
witli a jet-tube, aa shown in Fig. 7. Over the 
poroua eup invert a large glass beaker, into 
which passes a atveam o£ hydrogen through a 
glass tube. K all the jointa are tight, water 
wiU issue from the jet-tube as a small fountain. 
The hydrogen passes freely through the walls 
of the porous cup and produces 
in the flask. 



When the pores of a solid are exceedingly fine, the 
passage of a gas through them is by a process called 
effation. The rate of effusion of different gases is very 
nearly inversely proportional to the square root of their 
relative weights. Hydrogen, for example, which is one- 
sixteenth aa heavy as oxygen, passes through very small 
openings nearly four times as fast as oxygen. 

Gases may be separated from one another more or less 
completely by taking advantage of the different rates at 
which they pass, by effusion, through fine porous earthen- 
irare or unglazed porcelain. 
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27. Osmoais. — Ezpermeiit. — Remove the bottom from a smal] 
bottle, and tit: ov«r it a dampened piece of parchineDt paper. Through 
a stopper fitted to the mouth of the bottle, ^ass a 

glass tube terminating in a small funnel at its 
upper end. A scale of equal parts may be attached 
to the tube (Fig. 8). I'our ioto the tube a con- 
centrated solution of copper sulphate. Support 
the apparatus so that the bottle dips into a jar of 
water just far enougli to bring the two liquids to 
the same level. If the apparatus be left standing, 
we shall find that the liquid within the tube is 
slowly rising, while the water outside is acquiring 
a bluish tint. The two liquids pass through the 
membrane, but the greater Sow is toward the 
denser liquid. 

The passage of liquids at different rates 
through a porous membrane is called 
osmosis, and the pressure in the tube con- 
tainiug the salt solution is known as osmotic 
pressure. The osmotic pressui'es, due to solutions of dif- 
ferent substances at several concentrations, have been 
measured by the use of a membrane permeable to water 
but not permeable to the dissolved substance. Such a 
membrane is called a semi-permeable inembrane. The 
pressure required to maintain the liquid in the tube at the 
same level as the water outside the tube is the measure of 
the osmotic oressure exerted by the dissolved substance. 

28. States of Hatter. — The three states in which matter 
exists may be illustrated by water, which may assume 
either the solid, the liquid, or the gaseous state. 

Ice is a solid. A. solid has a definite shape, and resists 
any stress tending to change its shape or size. 

Water is a liquid. A liquid has no shape of its own, 
but is mobile and conforms to the shape of the containing 
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vessel. It offei-s but slight resistance to a stress proiluo- 
ing relative movement of its parts, so long as the volume 
remains unchanged. 

Steam or water vapor is a gas. A gas offers uo resist- 
ance to stress tending to change its shape. It has neither 
Bliape nor size of its own, but completely fills any vessel 
containing it. 

In brief : — - 

Solids have a definite mass and both size and shape. 

Liquids have a definite mass and size, but not shape. 

Gases have a definite mass, but neither size nor shape. 



The student may solve the numerical exercises either by the use ol 
the relations givfiii iu § 8 and § 10 and t.lie tables of Arithmetic, or by 
means of the Couversioii Tublee in the Appendix. 

1. Wby is a person who leaps to the ground from a, rapidly moving 
carriage likely to fall in the direction in which the carriage is going? 

2. 'Why can the head of a hammer be driven an. tlie handle better 
b; strikiug the end of the handle against a large stone than by striking 
the head against the stone? 

3. A man standing on a nioTing flat-bottomed car jumps vertically 
upwaiid. Where does he come down? Explain. 

4. Imperfect shot are separated from the perfect ones by letting 
them roll down an inclined plane, across which near the bottom theie 
JB a narrow opening. Into this opening the defective shot fall, while 
th« round ones jump over it. Explain. 

6. Carbon dioxide is heavier than air. Wliy does it not collect at 
the floor of inhabited rooms? 

6. It is said that powdered charcoal sifted thickly on semi-decom- 
poeed organic matter wiU iu a short time remove the olTeiisive smelL 
Explain. 

9. How many metres wide is a 4-rod street? 
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8. If the average barometer reading at sea-level i^ 30 in., what will 
it be on the centimetre scale? 

9. Express in kilometres per hour a speed of 40 uii. per hour. 

10. Calculate the number of cubic centimetres in a pint. [How 
would you find the number of cm^ in a cubic inch V] 

11. Calculate the number of litres in a gallon. 

12. Express the difference in cubic inches between a litre and a 
quart. 

13. Calculate the number of pounds avoirdupois in a kilogranmie. 

14. If an article sells for 50 ct. per pound, at what price should it 
sell per kilogramme V 

15. How many pounds in 100 kgm. ? 

m 

16. How many litres will a 10-qt. pail hold ? 

17. What price per metre is equivalent to 10 ct. per yard ? 

18. At 20 ct. per gallon what will a litre cost ? 

19. What will be the loss or gain in selling at 40 ct. per kilogramme 
an article that cost 20 ct. per pound ? 

20. If a cubic centimetre of water weighs one gramme, what wiH 
be the weight in kilogrammes of a cubic foot of water ? 

21. What error is made in considering a kilometre as equivalent to 
five-eighths of a mile ? 



CHAPTER II. 
ME0EAKI03 OF SOLIDS. 



I. MOTION AKD VELOCITY. 

Mech&nicB. — ^The term Meckanicg is applied to that 
portion of Physics which deals with the effects of force on 
matter. It includes the principles applied in the con- 
struction of machines. 

By force we may understand muscular exertion, or 
whatever else produces the same effects. The making of 
a muscular effort to overcome resistance gives us our prim- 
itive idea of force. Whenever any inanimate agency pro- 
duces effects precisely similar to those due to muscular 
exertion, it is said to exert force. Thus, a steam engine 
exerts force in pulling a train, turning a dynamo, or driv- 
ing a Eoill ; air compressed in a rubber balloon exerts force 
against the resistance of the stretched rubber ; the gases 
due to the explosion of gunpowder exert force on the ball 
while it is passing from the breech to the muzzle of a rifle. 

The most obvious effects of force on matter are (1) to 
produce change of motion, and (2) change of size or 
shape. 

30. Hotion. — A body moves when it is in different 
positions at different times. Motion is tlie change in the 
relative position of a body with respect to some point or 
place of reference. It involves, therefore, both time and 
apace. The path of a moving body must be continuous, 
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that is, the body must pass la soccesfflon tbroogb evei^ 
point of its path. 

All rest and motion are relative, since there are no fixM 
points in space to which absolute motion may be referred 
When a passenger walks on the deck of a ship, his motiot 
is relative to the vessel ; the motion of the ship across t 
ocean is relative to the earth's surface ; the diurnal motioi 
of the earth's surface is relative to its axis of revolutionj 
while the motion of the earth's centre is relative to the s 

When a body moves along a straight line, its motion ii 
said to be rectilinear; when it moves along a curved lint^ 
its motion is curvilinear. In the latter case, its direction 
of motion at any point of its path is that of the straight 
line drawn tangent to the curve at the point. 

31. Telocity. — When a body moves over equal spaces 

in successive equal times, its motion is said to be uniform^ 
if it traverses unequal spaces in successive equal times, its 
motion is variable. For example, the tip of the mini 
hand of a watch has a uniform motion, though the direc- 
tion of its motion is constantly changing. So also the 
apparent motion of a star across the field of a fixed tele- 
scope is an instance of uniform motion. On the other 
hand, the motion of a faUing body is variable, for it mores 
faster and faster as it descends. 

Velocity ia the time-rate of motion of a body. By th 
time-rate of any change is meant the whole change takinj 
place in a given time divided by that time. If the motioi 
is un^form^ the velocity ia conxtant. Constant velocity i 
measured by the distance a body travels in a unit of time 
The velocity of a railway train may be constant for a can 
siderable distance. It may, for example, move 88 ft. £o] 
each second of an entire minute (equal to a mile a minute) 



MECHANICS OF SOLIDS. ' 25 

When the motion is variable, tlie velocity at any instant 
is tlie distance the body would move in the next unit of 
time if at that instant its motion were to become uniform, 

For example : the velocity of a shell on leaving the 
mouth of a gun, called the muzzle velocity, is the space 
it would pasa over in the next second if it should continue 
to move undisturbed at the same rate; the velocity of a 
falling stone at any moment is the distance it would fall 
during the following second, if the attraction of the eartb 
and the resistance of the air could both be withdrawn. 

32. FormTdra for tTniform Uotion. — Letu be theconstank. 
velocity of a body with uniform motion. Then in ( units 
of time the space s passed over will he ( times the velocity 
V, or 

.« = !'«. (1) 

From the same relation we have v = t and t = , 

Even though the motion were not uniform, if a be the 
space passed over in time f, theu the mean or average 

velocity for the whole time would be r =-. If both the ' 

space and the time be reduced to indefinitely small quan- 
tities, then this mean velocity becomes the actual velocity 
at the instant. 

33, Acceleration. — Acceleration is the time-rate of change 
of velocity. If the change of velocity be the same from 
second to second, the motion is uniformly accelerated. If 
the velocity increases, the acceleration is positive; if it 
decreases, the acceleration is negative. A falling body 
haa a positive acceleration; the acceleration of a body 
'thrown upward is negative. When a heavy body falls, its 

liun in velocity per second is 9.8 m. for every second, 
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of time. Its acceleration is, therefore, 9.8 m. per second 
per second; in other words, an increase in velocity of 
9.8 m. per second is acquired in a second of time. This 
is equivalent to an increase of velocity of 688 m. per min- 
ute acquired in a second of time. 

If a railway train starts from rest and increases its 
speed one foot a second for a whole minute, its velocity 
at the end of the minute is 60 feet a second. Since it 
acquires in one second a velocity of one foot a second, and 
in one minute a velocity of 60 feet a second, its accelera- 
tion is either one foot per second per second, or 60 feet 
per second per minute. 

34. FormnlaB for TTnif ormly Accelerated Motion. — Let a be 

the acceleration, or the gain in velocity per second acquired 
in a second of time. (Unless otherwise stated, the unit 
of time used will be the second of common or mean solar 
time, of which there are 86,400 in a mean solar day.) 
Then in t seconds the velocity acquired will be 

V = at. (2) 

Since the gain in velocity is uniform, if the body starts 
from rest, the average velocity for t seconds is ^0 -f- «*), or 
J at. The distance 8 passed over in t seconds is then by (1) . 
^ a^ X ^, or ^ at^. Hence 

« = ^ at^ (8) 

From (3) ^ = ^' 

and t =J^ 

^ a 

Substitute this value of t in (2), and 

[27 

v=a\ — = V2a«. 

^ a ^ 
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Frobleme. 

/ Z. If a railroad train has a speed of 60 mi. an how, what is its 
speed in feet per seooud 'I , f ■ 

2. How long will it require a mm to walk 25 km., if ha walka uni- 
formly at the rate of 15 km. iu 3 hr, ? i ■ - 

3. A bodj moTtng imiformly in a circular path of 10 in. radiua 
makes 10 complete revolutions in 5 see. Fiud the speed per 
eeeond. I i- ," • i, *•■. 

4. If the distance from Chicago to New York is 076 mi. and an 
express train mokes the run in 24 hr., what will be the average 
speed per iiourV Per minute? Ailow 3 hr. tor atops. 

5. If the radius of the earth be taken at 4000 mi., what is the 
T^ocity per BGcood of a point on the equator due to the earth's rota- 

tni^itessis? ':..,' \ j , 

6. ^jfljlroad train 430 m. long, passes over a bridge 200 m. long 
at the rate of 45 km. per hour. How long does the train take to pass 
oompletely over the bridge ? ' . ■ 

7. A body starting from rest acquires a velocitj of 10 m, per 
second in one second; 30 m. perseaand in two seconds, etc. What 
is the acceleration 7 'j i ,_,_. ^, . . 

B. A body starting from rest has a uniform acceleration ot 0.8 m. 
per second per second. What will be its velocity at the end of the 
10th sec. ? How far will it go iu that time V 

9. A body starting from rest and moving with a uniform iwoeler- 
ation acquires a velocity of 100 ft. per second in 5 sec. What ia 
the acceleration? How far will it go in that time? ■ 
/34). A body starting from rest passes over 256 ft. in 4 sec. What 
ia its acceleration? /q w >.-■ i, J--- 

U. A train running aT; 60 mi. an hour is stopped with uniform 
retardation in 44 sec. by the application of the brakes. Whiit is the 
MtATtlation per second per second? T 

' tS. If a body has a nniformly accelerated motion and startingfrom 
■g^iiBe a velocity of lOO cm. per second at the moment it completes 
^^^^■■kBB of 1 km., what is the acceleration? 

^^^^^^^^OW far will a ball roll before coming to rest, if its motion is 
^^^^^^By retarded, its initial speed being 50 ft per second and 
^^^HlWon of motiou 10 sec. ? 
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14. An electric car has a uniform acceleration of 5 m. per second 
per second. What will be its acceleration per second per minute ? 
Also per minute per second ? •'• - .. .>t^ 

[Acceleration per second per minute means the increase in velocitjf 
per second acquired in one minute (§ 33).] 

15. What acceleration per minute per minute must a body have to 
acquire in 20 min. a speed of 20 mi. an hour? : /J. ^ • ' 

16. What acceleration per minute per minute must a body have to 
start from rest and pass over 10 mi. in 10 min. ? 

II. NEWTON'S LAWS OF MOTION. 

35. Momentiim. — We have so far considered motion in 
the abstract, that is, without reference to the Amount of 
matter moving, and without reference to the foro0 pro- 
ducing the motion or change of motion. 

It is plain that in any case of actual motion, there must j 
be a definite mass of matter moving, and the effect of ! 
a force in producing this motion will include the mass 
moved, as well as the speed imparted to it. It will there- 
fore accord with the ordinary use of language, to speak 
of the " quantity of motion," and to consider it as propor- 
tional, first, to the speed of the body, and second, to its 
mass (§ 9). The name given to the " quantity of motion" 
is momentum. It is the product of the mass and the 
velocity of a moving body. 

Momentum = mass x velocity, ov M= mv. (5) 

In the centimetre-gramme-second (C.G.S.) system, the 
unit of momentum is the momentum of a mass of 1 gm. 
moving at the rate of 1 cm. a second. 

36. Impulse. — Suppose a ball of 10 gm. mass to be J 
fired from a rifle, with a velocity of 50,000 cm. a second 
Its momentum would be 500,000 units. 
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a truck weighing 500 kgni. moves at the rate of 1 cm. 
a second, its momentum is also 500,000 units. But the 
ball has acquired its momentum in a fraction of a second, 
while a minute or more may have been consumed in com- 
municating the same momentum to the truck. In some 
sense, the propulsion required to set the ball in motion is 
the same as that required to give the equivalent motion to 
the truck, because the momenta of the two are equal. 
This equality is expressed by saying that the impulse, or 
the effect of the force in producing the same quantity of 
motion, is the same in the two cases. Since the effect 
pi'oduoed hi doubled if the value of the force is doubled, 
or it the tiffie during which it acts is doubled, it follows 
that il^ulae is the product of the force and the time dur- 
ing which it acts. 

In estimating the effect of a force, the time element and 
the magnitude of the force are equally important. The 
term impulse takes both into account. 

37. Laws of Kotion. — The relations of motions and 
changes of motion to the forces producing them are 
expressed in Newton's law» of motton They are to be 
regarded as physical axioms, and are incapable of rig- 
orous experimental proof. They rest on convictions 
drawn from observation and experiment, and the results 
derived from their application in the higher fields of 
mechanics and astronomy are foimd to be invariably 
true. , 

I. Every body continuet in its state of rent or of uniform 
motion in a etraight line, except in so far as it may he com- 
pelled, by impressed force, to change that state. 

II. Change of motion is proportional to the impressed 
force, and takes place in the direction in which the force acts. 
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III. To every action there is always an equal and con- 
trary reaction; or the mutual actions of two bodies are 
always equal and in opposite directions. 

By " change of motion " we must understand change of 
momentum^ and by " impressed force," impulse. 

38. Discussion of the First Law. — Matter has no capac- 
ity in itself to change its condition of rest or of motion. 
Not only this, but a body offers resistance to any such 
change in proportion to the mass of matter contained in 
it. This property of matter is expressed by the term 
inertia, and the first law of motion is often called tjba law 
of inertia. *[.■ K 

When no force acts on ^ body, it persists in^g ^0t>^ of 
rest or of uniform motion relative to other bodies. If at 
rest and left wholly to itself, it will remain at rest ; if at 
one moment it be at rest, and afterward be found in 
motion, then it has been acted on by some force; or if 
it be in motion and its motion change either in rate or 
direction, then a force must have acted on it. 

From this law we derive, a definition of force, for the 
law asserts thsit force is the sole cause of change of motion. 

39. Discussion of the Second Law. — The first law asserts 
that a change of momentum is due to force. The second 
law shows, first, how force may be measured. Maxwell 
has restated it so as to read as follows: " The change of 
momentum of a body is numerically equal to the impulse 
which produces it, and is in the same direction. ^^ By a 
proper choice of units, impulse may be placed equal to the 
change of momentum which it produces, instead of pro- 
portional to it, or 

Ft = mv. (6) 
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The velocity of the mass m before the force acted is 
here supposed to be zero, and v is the final velocity. 
Force is therefore measured by the rate of change of mo- 
mentum. Further, - is the rate of change of velocity, or 
the acceleration a. We may then write 

F^ma. (7) 

It follows that/oree jnay aha be measured by the product 
of tkf IfiMs moved and the acceleration due to the force; 
and Acceleration is equal to the force producing it when 
the nQp0,is unity. 

This Taw teaches, further, that the change of momentum 
is always in the direction in which the force acts. Hence, 
when two or more forces act together, each produces its 
change of momentum independently of the others. This 
fact lies at the foundation of the method of finding 
the resultant effect of two forces acting on a body in 
different directions (§ 44). 

40. Units of Force. — Two systems of measuring force 
are in coniinnn use, viz., the gravitational and the absolute. 
The latter is usually in the C.G-.S. system. The gravi- 
tational unit of force is the weight of a standard mass, as 
the pound of force, or the Idlogramme of force. These 
gravitational units are not strictly constant, but vary with 
the place on the earth's surface (§ 54). They are con- 
Tenient for the work of the engineer, but are not suitable 
for precise measurements. 

The absolute unit of force in the C.G.S. system is the 
dyne. It is the force which, acting on a gramme mass Jot 
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one second, prodiices a change of velocity of one centimetre a 
second. This unit is invariable in value. The earth's 
attraction for a gramme in New York is 980 dynes, since 
gravity will impart to a gramme in a second at that place 
a velocity of 980 cm. per second. A dyne is therefore 
^^ of the gramme of force, and the numerical value of 
any force expressed in dynes is 980 times as great as in 
grammes of force (§ 66). Conversely, to convert dynes 
into grammes of force, divide by the acceleration of 
gravity, 980. 

Problems. 

1. What is the momentum of a 10-lb. ball moving at the rate of « 
20 ft. per second ? ^ V" - 

2. How many times greater is the momentum of ft SO-lb. eiinnon 
ball moving with a velocity of 2000 ft per second tKan that of a 
truck weighing 1 ton (2000 lb.) and moving at the rate of 7.6 mL 
an hour? ^ ''i *V 

3. Equal momenta are imparted to two bodies; the first has a 
mass of 10 gm. and a velocity of 1200 m. per minute ; the second has a 
velocity of 100 m. per second. Find the mass of the second. ? .,r- 

4. A gun whose mass is 10 kgm. is loaded with a ball whose maa 
is 50 gm. When the gun is fired the ball has a velocity of 50Q nu- i 
per second. Calcuhit^. the velocity of the gun's recoil. ^ * S ** \'^ 

5. What is the momentum of a mass of 15 kgm, moving with a 
velocity of 6 m. per minute? * 

6. Two balls whose masses are 100 gm. and 600 gm. respectively 
are thr<.»wn apart by releasing a coiled spring placed between them. 
Calculate the velocity of the smaller ball, if the velocity of the larger ' 
one is 20 m. j^er second. ' 

7. An unbalanced force acts for 10 sec. on a IkkIv whose mass is • 
r-tO gm. and imj^art* to it a velocity of 40 cm. per second. Compute ; 

*the magnitude of the force. [Consult equation (6), § 39.] ^ ?i- '^ »-y*4 

8. A mass of 25 gm. acquires a velocity of 120 cm. per minute 
due to an unbalanced force acting on it for 5 sec. Find the magni- 
tude of the fon?e. ^ ^ 
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9. An unbalanced force of 20 dynes acts for 30 sec. on a body and 
imparts to it a velocity uf 40 cm. per second. Fiud tlie niaaH of the 
body. , ■ r "5"^ 

10. A body wbose mass is 1 kgm. is acted on fay an unbalanced 
force of 100 dynes for 5 niiri. Wliat velocity will be imparted 

11. An iron ball whose niaaa is 50 gm. ia acted on for 10 sec. by an 
unbalanced force of 200 dyties. What will be the resulting accelr 
emtion and the final velocity? [Consult relations (Q), (T). and (2),] 

12. If an nnbalanced force of 50 dynes acta for 10 min. on any 
TuaM, what momentum will he generated? [To calculate momentum 
we must know either maas and velocity, or force and time. Consult 
equation (6), § 38.] i^'^v:- ^, . >. -r-^ ^^ ^^^ ^ 

13. A tDtHB of 25 gm., acted on by an unbalanced force, moves 
with an acceleration of 980 cm, ■per, second per second. Calculate 
the value of the force. 3 .j j"S^ ^<y-' ,. ^- f^ .. ^ 

X4. How long mnst an unbalanced force of 1000 dynea act a^i&i^ 
mass of 100 gm. to impart to it a veJocity of 250 cmjier. second 7 A 

15. What unbalanced force will produce an acceleration of 9^m. 
per second per second in a atone wbose maas is .^00 gm.7 WlHt .' 
Telocity will it impart to the stone in 5 min.? [Equations] (TJ^bmU ^ 
(2).] - Hfl":*! ^,.>. i.=)^^'--^-^ \--. 

15. A mass of 400 gm. ia acted on by an unbalanced force for 15 
sec. and acquires a velocity of 30 cm. per second. Calculate the 
magnitude of the force. ■'^ C c i-'-. y. -',•-- ^ Q ■,• n >'~t 

IT. An unbalanced force of 50 gm. acts on a mass of 50 gm. for 

5 sec What will be the resulting velocity? [How many dynes iu 
1 gm. of force?] JJ f iT^ a.^^. f''-- > •'. 

16. An unbalanced force of IDO gm. acts for 5 min. on a mass 
of 200gm. What will be the velocity imparted? - ' ■.-■- 

19. What unbalanced force will in 10 min. give to a mass of 100 
gm. a velocity of 0.B9 km. a minute ? 'j ■)'.'' ' 

20. If any mass be pushed by an unbalanced force of 5 dynes for 

6 min-i how much will the momentum be increased? [Equation 
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41. Graphic Bepresentation of a Force. — A force is 

completely specified by its three elements : (a) its paint of 
application ; (J) it% direction ; and (e) it% magnitude. These 
three particulars may be represented by a straight line 
drawn through the point where the force acts, in the 
direction in which the force changes the momentum of 
the body, and as many units in length as there are units 
of force. If a line 1 cm. long stands for a force of 1 
dyne, a force of 4 dynes, in the direction AB (Fig. 9), 



Fig. 9. 

will be represented by a line 4 cm. long. Any point on 
this line, as -A, may represent the point at which the force 
is applied. 

Further, if it is desired to represent graphically the 
fact that two forces act at the same time on a body, for 
example, one a force of 3 lb. horizontally, and the other 
a force of 2 lb. vertically, we have 
only to draw two lines from the 
point of application of the forces A 
(Fig. 10), one 3 units long toward 
the right, and the other 2 units 
long on the same scale toward the -^ 
top of the page. The two lines AB ^''^- '°- 

and AO represent the point of application, the direction, 
and the magnitude of the two forces in question. 

42. How a Force is Measured. — The simplest device 
for measuring a force is the spring balance. It consists of 
a coiled spring, to the free end of which is attached a 
pointer, adapted to move in front of a graduated scale 
(Fig. 11). According to Hooke's law (§ 15) the division 
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of the scale is in equal parts ; it may be made to read 
in potiuds, grammes, or dynea. The common drawscale 
Is a spring balance graduated in pounds and fractions of 
^=^ a pound. If the apting be stretched by a force 
\[ Jj in anT/ direction so that the pointer stands at 
15 lb., for example, then the pull on the spring 
is the same as the pull of gravity ou a mass of 
15 lb.; that is, 15 lb. of force, 

43. The Besultant of Tro or Kore Forces in the 
Same line, — The single force which will pro- 
duce the same effect on the motion of a body 
as two or more forces acting on it together is 
©1 called the resultant. (Note excejition in the oase 
J' of a couple, § 47.) The process of finding the 

h' ^ resultant of two or more forces is called the com- 
position of the forces. 

When two forces act on a body along the 
same line and in the same direction, the resultant force is 
simply their sum, and it acts in the same direction aS the 
focoes. The same is true when there are more than two 
acting in the same direction. 

n two forces act ou a body along the same line 
opposite directions, their resultant equals their 
difference and it acts in the direction of the greater 
force. 

For example, if one man pulls on a truck with a force 
of 40 lb. and another pushes at the back with a force of 
60 lb., the I'esultant force applied to move the truck is 
90 lb. But if one pulls with a force of 100 lb. in one 
direction, and the other with a force of 75 lb. in the other 
direction, the resultant force tending to move the truck 
forward is obviously only 25 lb. 
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When the sum of the forces acting in one direction is 
aqual to the sum of those acting along the same line in the 
opposite direction, the resultant is zero and the body acted 
on is in equilibrium ; that is, the condition of the body as 
regards either rest or motion is entirely unaffected by the 
application of the forces whose resultant is zero. 

44. The Resultant of Two Forces Acting at an Angle.— 

When two forces act together on a body at an angle, the 
resultant is in a direction between the two. For example, 
let a force of 10 lb. act on a body at A 
(Fig. 12) toward the right, and an ^^ '^^ 

equal force upward. The two are rep- 
resented by the lines AB and AC ot 
equal length. Then obviously the di- 
rection of the resultant is AD midway 
between AB and AC \ for no reason 
can be assigned why the resultant '' 

should lie nearer the one force than the other. The 
magnitude of the resultant is the length of the diagonal 
AD of the square ABDC. 

When the two forces to be combined are not equal and 
at right angles to each other, the case is not quite so sim- 
ple. The resultant then is in a direction nearer to the 
greater force, and its direction and magnitude are found 
by the application of the principle known as the parallelo- 
gram of forces. This principle includes that of the square 
for equal forces at right angles ; it may be verified as 
follows : — 



Experiment. — Tie together three stout cords at D (Fig. 13) and 
fasten the free ends to the hooks of three drawscales, A, B, C, respec- 
tively. The drawscales may be graduated to read in grammes. Pass 
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tlieir riDgs aver wire najla set in a drawing board at such distances 
apart that tbe drawscales will be stretched. Kecovd the readings on 
the scales and mark on the board tbe position of tbe knot D and the 
points of attachment of the cords h> tho hooks of the drawacales. 
Then remove the di-awaoales and draw the lines marking the direc- 
tiona of tbe cords, 




. tay off on DA, DB, and DC the readings of the di-awscales A, B, 
and C, reapectively, on some convenient scale. Complete the paral- 
lelogram DFGE, draw the diagonal DG, and find its value on the 
scale used in laying oS the sides. If tbe work be carefully done, it 
will be found that DG and DC are in the same straight line and are 
of equal length. Tbe single force DG is tbe resultant of the forces 
DF and DE, since it is iu equilibrium ■with DC. EqwUhrium may 
dlvag* be priiilueed by applying a force equal and opposite to the reiultant 
of all Ike other acting forces. 

Tlie principle illiistnited may be expressed as follows: 

Jj^ two forces are represented in direction and magnitude 

by the adjacent sides {DF and DU, Fig. 13) of a parallel- 
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Offram. then their ri-sullanl tfill be reprrtented in bifth riirff- 
tion and magnitude by the diagonal of the parotic 
(iX?) drawn tkroiKjh the interaection of the two sidt- 
_Mid DE') rtpresenting the twoforcen. 

' 45. Tlie CompoHtion of Velocities. — Tbe composition 
of utiiforiu velouitieB is effected by the same luethods 
the composition of forces. In fact, the same principles 
apply to the composition of all quantities having bott 
m>i|^iiituJe and direction. Such quantities are known 
vectors to dietinguinh them from those which have 
tude only. The latter are known as gcalart. 

When several motions are given to a body at tiia sa 
time, its actual motion is a compromise between thi 
and the compromise path is the resultant. At tbe 
Exposition in 1900 a continuouB moving sidewalk 
visitors around the grounds. A person walking on 
platform had a velocity with respect to the ground 
up of the velocity of the sidewalk relative to the ground 
and tlie velocity of the person relative to the moving walk, 
The several velocities entering into the resultant are the 
component velocities. 

For example, a boat, which would have in still water 
velocity of 5 mi. an hour, will have what velocity whe 
there is a current of 3 mi. an hour '.' 

The resultant velocity will be 5 — 3 = 2 mi. an hour up 
stream. Down stream it would be 5+3 = 8 mi. an hour. 

Again, if a boat can be rowed in still water at the 
uniform rate of 5 mi. aa hour, what will be the actual 
velocity if it be rowed at right angles to a current 
ning 3 mi. an hour? 

Let the line AB (Fig, 14) represent in length and tlir^ 
tion the velocity of 6 mi. an hour across the stream, axP 
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.e line AO, at right angles to AB, the velocity of the 
arrent, 3 mi. an hour, both on a scale of 8 mm. to the 

mile. Complete the paral- 
lelogram ABDCt and draw 
the diagonal AD through 
the point A common to the 
two component velocitieH. 
AD will represent the actual 
velocity ; for while the boat 
'^' ia rowed 5 mi, in the direc- 

ion A.B, it is carried by the current 3 lui. in the di- 
iXXoa AC. Hence at the end of an hour, instead of 
ig at B, it will be at _Z>, and will have travelled 
the line AD with uniform motion. The length of 
AD on the same scale as the other lines will be 
The resultant velocity ia therefore 5.83 miles an 

the direction AD. 
in the angle between the components ia a right 
as in the present case, the diagonal AD is the 
of the right-angled triangle ABD. Its square 
'efore the sum of the squares of 5 and 3, or 



AD = 



?+^ = V34 = 5.83. 



len the angle A is not a right angle, the resultant 
B%e found by a graphic process of measurement or by 
inciples of plane trigonometry. 

- The Besoltant of Parallel Forces. — The resultant of 

1 forces, that is, tlio eft'uet on a body in producing 

a of translation, in which all parts of the body move 

I parallel straight lines, is the same as when the forces 

LfMit along the same straight line (§ 43). It is in both 

Idanea their algebraic sum ; that is, if two parallel forces 
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act in the same direction, the resultant is their snm ; if in 
opposite directions, it is their difference. 

Experiment. — Suspend 
two drawscales A and B 
(Fig. 15) by cords from 
suitable supports in such a 
way that the two suspend- 
ing cords shall be parallel. 
Let the graduated bar, from 
which the known weight 
W is suspended, be supported 
by the drawscales in a hori- 
zontal position, and all the 
supporting cords vertical. 
Read the two drawscales and 
the distances CE and ED, 
Change the position of the 
point E, adjust and read P'k- '5. 

again. Then for each set of 

observations the weight W should equal the sum of the readings on 
+/he drawscales, A and j5, for it is equal and opposite to the resultant 
of the parallel forces, A and B, Moreover, in each case we should have 

A :B::ED:CE. 

Hence the following principle : 

The resultant of two parallel forces in the same direction 
is equal to their sum ; and the point of application of the 
resultant divides the line joining those of the two forces ini^ 
parts inversely as the forces themselves. 

When the two parallel forces act in opposite directions? 
their resultant is their difference, and it acts in the direc- 
tion of the larger force. 

47, A Couple. — When two parallel forces are not only 
in opposite directions, but are also equal, their resultant 
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is zero. Such a pair of forces ia known as a couple. 
couple has no effect in producing motion of translation, 
for its resultant is zero. It produces motion of rotation 
Only, in which all the particles of the body to which the 
couple is applied rotate in circles about a common axis. 

A couple has no resultant, that is, a single force cannot 
le substituted for it and produce the same effect. It 
follows that equilibrium can be brought about only by 
ipplying another couple tending to produce rotation in the 
ipposite direction. 

A magnetized sewing needle floated on water is acted 
01 by a couple when it is displaced from a north-and-south 
lositioQ. One end of the needle is attracted toward the 
lorth, and the other end toward the south with equal and 
larallel forces. The effect is to rotate the needle about a 
rertical axis till it returns to its north-and-south position, 

47b, The Uoment of a Force. — Under certain conditions, 
isingle force may produce rotation. Such is the case when 
he body to which the force is applied can move only about 
fixed axis. An example is the flywheel of an engine. It 
1 obvious that an increase in the rotatory effect on the fly- 
heel may be secured, either by increasing the force, or by 
ibgthening the crank. The effectiveness of a force in pro- 
lucing rotation depends then on two quantities : (1) the 
ignitude of the force, and (2) the shortest distance of 
he axis from the line of action of the force, 

The measure of this effectiveness is the moment of the 
oree. It is the product of the force and the perpendicular 
istance from the axis of rotation to the line of action of 
force. The moment of a couple is the product of one 
E the forces and the perpendicular distance between the 
irallel lines representing the two forces. 



42 



HIOH SCHOOL PHT8IC8. 



One couple is in equilibrium with an opposing couple 
when the moment of the one is equal to the moment of the 
dther. Two forces are in equilibrium about an axis when 
their moments with reference to this axis are equal, and 
they tend to produce rotation in opposite directions. In 
general, any number of forces produce no rotation when 
the sum of the moments for rotation in one direction 
equals the sum of the moments in the other direction. 

48. Besolntion of a Force. — A force, or a velocity, may 
be resolved into components in any given directions. The 
component of a force in a given direction is its effectiye 
value in that direction. The most common case is the 
resolution of a force into two components along directions 
at right angles to each other. 

To illustrate: Let it be required 
to resolve a force equal to the 
weight of 32 lb. into two rec- 
tangular components, one of them 
to be 12 lb. The problem is to 
construct a rectangle with a diago- 
nal of 32 and one side 12, and to find the other side. 

Draw AB (Fig. 16) 12 units in length, and at A draw 
-4.(7 perpendicular to AB. With 5 as a centre, and with 
a radius of 32 units, draw the are mn cutting AC eit C» 
Complete the rectangle at ABDO. Then BA and BD aie 
the two components of jB(7, and BD is the one required. 
Its value may be found by a scale and a pair of dividersi 
or it may be calculated from the right triangle BDG* 




Fig. 16. 



BD = V322-122= 29.66. 

As a second illustration, let a body W-, whose weight is j 
20 lb., be supported on the smooth inclined surface 




XECHAmCS OF SOLIDS. 

^Fig, 17). What force parallel to the plane will be 

lecessary to maintain it at rest ? Draw WS perpendicular 

o AB, and let the vertical line WF represent the 

reight of 20 lb. Draw 

VE parallel to AB, and 

loniplete the rectangle 

^SFH. Then WH and 

^^ are components of 

^^. WH represents 

ihe pressure ou AB, and 

^J! the force urging the 

'"eiglit down the inclined 

'*aiie. To maintain W at rest, it will be necessary to 

pply to it a force WA" equal and opposite to WE. 

49. Discassion of the Third Lav. — The meaning of this 
ta^ of reaotiari is that force is always due to the mutual 
%BtioH between two bodies or parts of bodies. This mutual 
ftotion is called a stress, and stress is always a two-sided 
piienomenon. It includes both action and reaction, and is 
called the one or the other according as the attention 
ia directed to one aspect ot it or the other ; just as trade 
indudes both sale and purchase, and is designated by 
the one term or the other according to the side of the 
tnde which one considers. 

The stress in a stretched elastic cord pulh the two 
ibioga to which it is attached equally in opposite direc- 
tions; the stress in a piece of compressed India rubber 
jxerte an equal push both ways. Tlie former is called a 
\ion and the latter a pressure. Now, every force is one 
if a pair of equal and opposite forces composing a stress. 
Bia^ne a rope supporting a weight. The tension in 
he rope is a stress tending to part it by pulling adjacent 
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portions in opposite directions. The same is true if two 
men are pulling at the two ends of the rope. 

The same conditions of action and reaction exist when 
the medium is invisible. A stone attracts the earth with 
the same force that the qarth exerts on the stone. The 
action between a magnet and a piece of iron is a mutual 
one, the magnet attracting the iron and the iron the 
magnet with precisely the same force. 

Suspend two elastic ivory or celluloid balls by long 
threads so that the balls just touch. Draw one aside 
in the plane of the threads and let it fall so as to strike 
the other one. It will be brought to rest, while the sec- 
ond ball takes the motion. The impact is a stress. The 
action of the first ball on the second sets the latter in 
motion, while the reaction of the second on the first brings 
the first to rest. 

The third law of motion expresses the fact that the two 
phases of a stress, the action and the reaction, are always 
equal to each other and in opposite directions. 

Problems. 

The following problems should be solved graphically and tiie 
results checked by calculation, wherever possible, without using 
Trigonometry. 

1. Two forces, 30 and 40 gm. of force, act at an angle of 90^. 
Find the magnitude of the resultant. 

2. Two forces, 8 and 10 lb. of force, act at an angle of 00**. Find 
the magnitude of the resultant. , 

3. A ball while moving eastward with a velocity of 20 m. per second 
is given a velocity of 30 m. per second northward. What is the result- 
ant velocity ? 

4. A boat is towed along a stream by means of two horses, one or 
each bank of the stream. The ropes by which the forces are appliec 
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make an angle of DO". If each horse exerts a force of 100 lb., 
what 13 the magnitude of the resultant force? If longer ropes were 
used so as to make the angle CO", wkiat ^vould be tlie reaultant? 

t-'S, The wind was blowing from the north witli a velocity of 10 mi. 
an hour. What would Bcem to lie its velocity to a man riding east. 
ward on a, bicycle at the rate of 15 mi. an hour ? i H ' ). • 

[The eastward motion of the rider produces an apparent wind 
from the east of 15 mi. an hour.] 

6. Find the force that will exactly balance two other forces of the 
m&gnitudeB 20 and 25 dynes respectively, acting at a common point, 
tlie angle between their directions being 00°. ', '_ , i - . , 

7. From ati electric car running at the rate of 13 mi. an hour, a 
U is thrown at right angles to the motion of the car and with a 

Teltwity of 20 ft. per second. What is the actual velocity of the ball 
■ at the beginning of its flight? .v>_ 

8. Resolve a force of 2.5 dynes into two components at right angles, 
e of the forces to be 10 dynes. Find the other. 

9. A weight of ."iO Ih. is suspejided by two cords which make an 
angle of 00° with each other. One cord makes an angle of 60° with 
tfae vertical. Find the tension in each cord. 

^10. The wind is blowing from the southwestwith a velocity of 12 mL 
an hoar. It a man should ride a wheel toward the west with a velocity 
of 10 mi, an hour, with what velocity would the wind strike his face? 

[The velocity will be the eastward component of the 12 mi. in- 
ereaeed by 10 mi.] 

U. Two parallel forces of 5 and IS gm. act in the same direction, 
^tb their points of application 36 cm. apart. Find the magnitude of 
tb6 TMultant and the distance of its point of application from the 
greater force. 

pfr represent the distance of the resultant from the force of 15 
jm., what would represent the distance from the force of 5 gm.? Con- 
snlt § 4S for the statement.} 

12. Two men carry a weight of 40 tgm. on a pole 3 m. long. 
Where must the weight be placed so that one shall carry three times 
ks much of the weight as tlje other? ,' j ^ i ■ - ■ ■ ' ' 

13. Two parallel forces of 30 and 50 dynes respectively liave the 
point of application of their resultant 30 cm. from the larger foroe> 
Find the distance between the points of application of the forces. 
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14. Resotre a foroe of 40 il j m n into two panOd componeDtB wbw 
poiDts of appUcrtJon an dklaat 10 and 20 cm. n«f>e«tirely from that 
of thi' given force. 

[Represent ti>e forces hr i and 80 — x,] 
^ 15. A roan umI a boj aie to emnj on a fJe 13 ft. long & weigiit u! 

300 lb. plaf^ at the nuddle ot khe pole. Haw far from one end mart 
^^ the man Uke bold, to that tlM- boj bj taking hold at the other eni 
^^BLldull can; one-third of the wug^ht? 



. GBAVITATIO.X. 

00. The F&n of Bodiei. — The early philosophers thou^ 
lal light bodies f&ll more slowly than heavy ones. GaUtoo 
wasthelirsl to Gnd out the truth expen- 
meQt&Uy by dropping various bodies 
together from the top of the leaning 
tower of Pisa. He found that th^ 
fell to the ground in nearly the 
tifUEi, whatever their size or wei^t- 
The lighter hodies fell slightly dowIT 
than the heavier ones, and the di£e^ 
ence he rightly ascribed to the reast- 
anoe of the air. 

The "guinea and feather tube, 
devised since the invention of 
air-pump, shows that all bodies 
lowttr<l the earth with the same w 
'•ration. 

Sxperiment. — Place a coiii and a fei 
or a pith boll and a shot, in a long tnbe {K| 
IS) cltused at one end and fitted with ariO) 
coeliat theother. Hold the tube in aVMlk 
position and suddenly invert it; the oom 
|h« i1i»l fnllii to tho iHittom first. Non exhaust the air aa thorough 
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as possible. When the tube is then suddenly inverted the two objects 
fall to the lower end of the tube in the same time. 

The inference from this experiment is that all bodies 
would fall from rest through the same height in the same 
time if the resistance of the air were wholly removed. In 
air, the body which has the larger surfiice in proportion 
to its mass falls the more slowly because it meets with 
more resistance in falhng. 

The resistance offered by the air to bodies falling through 
it is illustrated by its effect on a small stream of water 
flowing over a high precipice. It breaks up 
the stream into a fine spray as it descends. 
In a vacuum water falls like a solid. The 
v/ater hammer (Fig. 19) is an instrument 
devised to illustrate this fact. It consists 
of a heavy glass tube half filled with watei, 
the air having been expelled by boding the 
water for some time just before sealing the 
upper end. When it is suddenly inverted, 
the water falls like a solid, with a metal- 
lic ring. 

H. Weight. — Since all bodies fall in a 
I with the same acceleration, and so 
a the same distance in the same time ^'e is- 

K starting from rest, the forces acting on 
Fthem, due to the earth's attraction and called gravity, are 
1 proportional to their masses. This force of gravity is 
I called weight. The proportionality of mass and weight 
I was first demonstrated by Sir Isaac Newton. We have 
I already had the relation F=ma in equation (7). Plainly, 
a acceleration a is the same for all masses, the force F 
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18 proportional to the mass m. In tiie case of gravity the 
particular force is the tveir/ht, denoted by W. and the par- 
ticular acceleration is the acceleration of gravity, denoted 
by g. Making these substitutions in equation (7), we 
have weight expressed as a force: 

W=mg. (8) 

52. Direction of Orarity. — The path described by a fall- 
ing body is a vertical litte. A line or plane perpendicalat 
to it is said to be horizontal. The direction of a vertical lin& 
at any point may be determined by suspending a weight by 
a cord passing through the point. The weight and cord' 
are called a plumb-line. The direction of the plumb-line 
is perpendicular to the surface of atill water. Vertical' 
lines drawn through neighboring points may be considered 
parallel without sensible error, for vertical lines 100 ft. 
apart make an angle with each other of one second of are, 
and this is the angle subtended by a pinhead at the dis- 
tance of about a quarter of a mile. At the poles of the 
earth and at the equator, the direction of gravity is that 
of the plumb-line ; elsewhere there is a slight variation on 
account of the rotation of the earth on its axis (§ 

53. Law of UniverBal Gravitation. — Toward the end of, 

the seventeeutli century Wir Isaac Newton discovered th^ 
law of universal gravitation. He derived this gre&l 
generalization from a study of the results obtained by tw 
eminent astronomers, Copernicus and Kepler. The Isi 
may be expressed as foUowB : — 

Every particle of matter in the physical univer»e attraeb 

every other particle with a force whose direction is that qftJu 

line joiniTig the two particles, and whose magnitude is direcd^^ 

as ike product of the two masses, and inversely as the aqaan 

r-jff the distance between them. 
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This law expressed in symbols is 

. i'=ff'^ (»} I 

where m and m' are the masses of the particles, d is the 
distance between them, and G is a proportionality factor 
or constant of gravitation to be determined by experiment. ] 
When applied to bodies like the earth, whose dimensions 
are large compared with that of any body on its surface, 
Newton proved that the distance involved in the law of 
gravitation is the distance from the body to the earth's 
centre ; for any spherical mass like the earth or the sun 
attracts another body exactly as if all the matter it con- 
tains were concentrated at its centre. 

51. Law of Weight. — Since the earth is flattened at 

the poles, it follows from the law of gravitation that the 
intensity of gravity, and therefore the weight of a body, 
increase, in going from the equator toward the poles. It 
the earth were a stationary sphere, the value of g would 
be the same all over its surface. It would then vary only 
on ascending above the surface or descending below it; J 
iSa the inverse square of the distance on ascending, and I 
»mply as the direct distance on descending, assuming the 1 
density (§ 140) uniform. The value of g at the equator 
in C.G.S. units is 978.1 and at the poles 983.1. At New 
York it is a little over 980 cm. per second per second, or 
32.15 ft. per second per second. J 

5S. Centre of Oravity. — A solid body is composed of ' 
particles all acted on by gravity with a force equal to the 
product of their mass and the intensity of gravity g (§ 51). 
For bodies of ordinary size these forces are all parallel. 
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Hence the weight of a book or of a quoit disk, for example, 
is the resultant of an infinite number of parallel forces of 
gravity ; and the point of application of the resultant of 
all these forces, however the body be turned abovt^ is called 
the centre of gravity of the body. So long as the forces of 
gravity on the parts are strictly parallel and proportional 
to the masses of these parts, the centre of gravity coincides 
with what is known as the centre of mass or the centre of 
inertia. It is the point in a body about which the mass 
is evenly disposed. In a uniform sphere it is its centre. 
In a uniform ring, it is also its centre. In a uniform 
rod, it is its middle point. 

66. EqailibriTun imder Gravity. — The conditions for 
the equilibrium of a body are, (1) the resultant of all the 
forces acting on it is zero ; (2) the sum of their moments is 
zero. There will then be nothing to change either the 
linear or the angular velocity of the body. Equilibrium 
does not mean that the velocity is necessarily zero, but 
that the acceleration is zero. Rest means zero velocity ; 
equilbrium zero acceleration. 

In the case of a body free to turn about a horizontal 

axis, it can be in equilibrium only when 
the vertical line through its centre of 
gravity passes through this axis. Let 
a body, whose centre of gravity is at 
(y, be supported by an axis through B 
(Fig. 20). Represent its weight by GJE 
through the centre of gravity. When 
the direction GJS does not pass through 
jB, the moment of the weight about the 
axis thrpugh B is the product of GH 
and 5(7 (§ 47a), and the body rotates clockwise. As 
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T)ody swings, shortening the Une £0, the point Q 
approaches the vertical through B; and when the point 
coincides with B, the moment becomes zero. The body 
is then in equilibrium. The weight downward through 
ff and the equal and opposite reaction of the axis upward 
are then along the same vertical line. 

When a body rests in equilibrium on a plane, the verti- 
cal line through its centre of gravity falls within its base 
of support. If this vertical line falls outside the base, 
the body will overturn, for the supporting force, consist- 
ing of the reaction of the plane, does not act opposite to 
the weight, but parallel to it, forming a couple. If a 
body, like a chair, is snpported on legs, the base is the 
polygon formed by lines connecting the points of support. 

57. Three Kinds of Equilibrinin. — Experiment. — Fill a rouDd- 
bottomed Florence flaak one-quarter full of shot, crowding paper into 
the remaining space to keep the shot in place (Fig. 21). Tip the 
flaak over ; aft^r a 
few oscillations it 
will return to the 
upright position. If 
the eiperirnent be 
repeated with a simi- 
lar flask empty, it 
will be impossible to , _ ^_^^^^^^_ 
find any other posi- ^^^^ ^^^^^. 
tion of equilibrium ^^^^^^^^^" ^ 

lor the flask than on 

ita ffids. We may then roll it about,, and it will remaiu in any poai- 
tioD in which the top and bottoTO rest on the supporting plane. 

This experiment illustrates the three kinds of equilib- 
riam of position. (1) The centre of gravity of the 
loaded flask is nearer the siipporting plane than that of 
the empty one. (2) In overturning the loaded flask, its 
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centre o£ gravily is raised, and at the same time the verti- 
cal line through it is thrown outside tlie point of support, 
so that the reaction of the plane upward; and the weight 
of the flask and couteuts downward, form a couple which 
returns the flask to its upright position. In overturning 
the empty flask, its centre of gravity is lowered, and the 
vertical line through it falls betweeu the two points of 
contact with the plane. (3) When the empty flask is 
rolled about on its side, its centre of gravity is neither 
raised nor lowered. We have thus three kinds of equi- 
libriura of position: stable, for any displacement which 
causes the centre of gravity to rise ; unttahle, for any 
displacement which causes the centre uf gravity to fall: 
and neutral for any displacement which does not change 
the height of the centre of gravity of the body. 



I the iieiglit of the 

^^^BfiS. IlluHtration 



IlluHtrations. — The rocking-horse and the rocking- 
chair are familiar examples of stabla 
equilibrium. The half of a split ball, 
or any segment of a sphere, will rock 
in stable equilibrium on its rounded 
'" side. An egg tying on its side has neu- 
tral equilibrium for rolling, and stablft 
equilibrium for rocking; it is unstable 
in every direction when balanced oO 
either end. In the case of a body piv- 
oted at a point, it is stable when thfl 
centre of gravity is below the point, 
and unstable when It is above. With 
the balls in the position shown in Fig. 
22, the movable system is in stable equi- 
librium ; but if the balls are raised abova 
the level of the pivot, the equilibrium 
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s unstable. The nearer the centre of gravity of a 
9 balance is to the point of support, the smaller is its 
Uty, and the greater its sensitiveness; bat its centre 
ravity must be slightly below its support, or it will be 
Eable and topple over (§ 59). 

Stability. — The moat useful measure of stability is 
irork required to upset a body (§ 78); that is, it is 
product of its weight and the difference between the 





distances X(?and AD in Fig. 23. An inspection of these 
diagrams sliows that the stability is increased by lowering 
the centre of gravity, and by enlarging the base. C de- 
notes the centre of gravity or centre of mass. A the point 
about which the body is turned, and BD the height through 
which the weight is lifted, to bring the body to the posi- 
tion of unstable equilibrium. If the masses are equal, 
BJ) is a measure of the stability. 

A brick has less stability when standing on end oa a 
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table, than when lying on edge; and it has less stability 
on edge than when lying on its broad side. In the first 
position, the centre of gravity is the highest, and the base 
the smallest; in the last position, the centre of gravity is 
the lowest, and the base the largest. 

Ezperiment. — Make a disk or short cylinder of wood, and load it 
with lead on one side, near the circumference (Fig. 24). Find by 
trial the position G of the centre of gravity on one end of the cyl- 




Fig. 24. 

inder, and mark it. This cylinder may be placed on a slightly in- 
clined plane, with the centre of gravity near the highest point, m 
such a position that the cylinder will roll up the plane into a position 
of stable equilibrium. Roll the cylinder along a horizontal plan©* 
and watch the path described by its centre of gravity. It will b® * 
curve, with crests and hollows, similar to the one in the figure ; ev^^ 
hollow corrcsx)onds to a position of stable equilibrium, with the c©^" 
tre of gravity in its lowest position, and every crest is a positiox^ ^ 
unstable equilibrium. If the path were a straight line, the equi*^'^ 
rium would be neutral. 



Problems. 

1. Explain why a ball rolls down hill, but a cubical-shaped bl^^ 
does not, unless the hill is very steep. (§ 56.) 

2. Why does a person lean forward in climbing a hill? 

3. Why is a pyramidal-shaped structure more stable than a p^^ 
3aatic one of equal base and altitude ? 

4. Why is the base of a student's lamp filled with iron or lead? 

5. If the attraction of an apple for the earth is equal to that of "d^ 
earth for the apple, why does not the earth meet the falling appi^ 
half-way ? 
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Tiy is it difficalt to walk a stretched rope? Why ia it easier 
i^e performer carries a long pole loaded at the ends? 

What will a. 10-lb. ball weigh 1000 mi. below the earth's siir, 
'ace, the earth's radios being considered as 4000 mi. ? "^ 'l -Vi 

8. What will a 100-lb. ball weigh 1000 mi. above the earth's sur- 
face, the earth's radius being oonaidered as 4000 ml? **^/(,-j 

lime the earth's radius to be 4O00 mi. and tlie distance to 
240,000 mi. Tlien if y is ^'2 ft. per second per second at 
the earth's surface, what will it be at the orbit of the moon ? i ' ,• 

-^10, If a body weigh 20 kgui. at the equator, where g is 978 cm. per 
second per second, what will it weigh at the pole where j' is 5 em. 
greater? [Consult § 51.] --'"■tfJ '-;" . ' 

11. Assuming the diameter of the planet Venus to be the same aa 
that of the earth, and its mass three-quarters the mass of the earthy 
what is the acceleration of gravity at the surface of Venus? 

12. If the mass of the moon were doubled and that of the earth 
trebled, how would these changes affect their attraction for each other 
M the same meau distance ? 

13. The sun's mass is 332,000 times that of the earth, and its 
rndiug is 110 times that of the earth. If a body weighs 200 lb. 

the earth's surface, what would it vreigh ou the surface of t^e 

■"»? ^.j 'i* ^ r f; '^^^ 

M. If the acceleration due to gravity 'n the earth's surface is 980 
•^ per second per second, what is it on the surface of Mars, the di- 

■^■*etei- of Mars being assumed as half that of the earth and its mass 

ona-ninth? [Consult § 53.] 



IV. LAWS OF FALLING BODIES. 

M. Vniform Acceleration applied to Falling Bodies. — 

Smce tile acceleration g is sensibly constant for small 
WBtances above the earth's surface, the formula already 
wtained for uniformly accelerated motion may be directly 
applied to falling bodies. The relations between veloc- 
ity, time, space, and acceleration are expressed by the 
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equations, v=at and « = }af* (§ 34). Substituting g for a, 
we have 

V = gt, (10) 

and a=^(iP. (U) 

If in equation (11) t is made one aecond, then t == ^g; 
OP. the space described in the first second, when the body 
falls from rest, is half the value of the acceleration of 
gravity. A body falls 490 cm. the first second ; 
velocity attained in one second, and the acceleration, are 
980 cm. per second. 

To find the space passed over in any one second, find 
the space described in t seconds and in (t — 1) seconiis, 
and subtract the latter from the former. Denoting the 
distance sought by s', 

The distance passed over in any second is equal to hslf 
the product of ff and one leas than double the number W 
the second. By combining equations (10) and (11) 
have 

!.a = 2^g. (18) 

81. Laws. — The laws embodied in the preceding 
formulae may be expressed as follows : — 

I. The velocity attained hy a falling body is proportion^ 
to the time of falling. 

II. The gpace described is proportional to the squdnof 
the time. 

III. The acceleration is twiee the space through whiah • 
body falls in the first eeeond. 

62. Experimental Proof. — The laws of falling bodieg 
were hrst verified experimentally by Galileo. His method 
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in rolling a ball down a smooth 
educing the acceleration 
.king a part only of the 

of gravity effective iu 
iing motion (§ 48), It 

becomes comparatively 

measure the distances 
led in successive seconds, 
ihe Hawkes-Atwood ma- 

(Fig. 25) a different 
i is employed. Two un- 
weights are suspended by 
l)le ribbon of tissue paper 
, very light wheel. The 

shown on a larger scale 
'■ 26, lias light aluminum 
id spokes. It must be 
bly balanced, and must 

1 nearly without friction 
sible on agate bearings, 
e top of the supporting 

is an electromagnet, 
a locking device and 

1 inked camel's-hair brush 
mai'ker. The current 

h this magnet is con- 
by a seconcjs pendulum, 

closes the electric circuit 

eping through a drop of 

y on a small metallic 

t the bottom of its swing, 
first swing of the pen- 
a mark is made on the 




because of the excess wei 
ribboi 
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ribbon, the wheel is unlocked, and tt sturts to rotate 
ight on one side. The papei 
is made endless, so that tlie ei^ 
cess weight shall remain constant. Att 
electric brake enables the operator 
stop tbe wheel at any desired point. 

If tbe two sus{}ended masses are i 
aod i grammes, then the force efifectiv* 
in producing motion of the system i* 
tbe force of gravity on (a — h) grammes, 
and this force must overuome the inertia 
of a mass of (a + b) grammes, neglecliug 
the wheel and paper. Hence the effec- 
tive acceleration la reduced from g to 
a-h 

Tbe distances described in 1, 2, 3, 4 
etc., secondsmay be found by meaBnriBg 
the distances from tbe first mark on 
tbe ribbon to the others in succession. They will be fonnd. 
to be as the numbers 1, 4, 9, 16, etc. Tbe distances 
described in successive seconds, tbe first, second, tliifdi 
etc., are tbe distances between successive marks on tt*® 
recording ribbon. They are as tbe odd numbers 1. 
5, 7, etc. It is not necessary that the pendulum be*' 
seconds. Any other interval will serve as well for tb*" 
verification of tbe laws of falling bodies. The <li*' 
tanees on tbe ribbon may be measured without removing 
it from the wheel, by using tbe slider and scale on til 
column. 

In tbe table, tbe second column gives the actual distanOi 
s read from tbe ribbon : s' stands for the successive difEei 
ences of » in tbe second column ; v. the quantities undi 
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ncreased by 2.91; and a, the successive differeacea c 
», or the acceleration. From the formula 

equation (12), it will be evident that column four denotes 
ho accumulated velocity at at tho end of the successive 
ime intervals. ^m 
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63. Projection Upward. — When a heavy body is thrown 
vertically upward, the acceleration is negative, and its 
velocity is diminished each second by g units (980 cm, or 
82,15 ft.). Hence, the time of ascent to the highest point 
will be the time taken to bring the body to rest. If the 
velocity of projection upward is r, then we have, from 

Ujation (10), neglecting atmoapherio resistance. 



(=-. 



(14) 



f vdooity lost is g units a second, the time required 
\v unitB of velocity will be the quotient of v divided 
PIf, for example, the velocity of projection upward 
Pf.om. a second, the time of ascent, if there were no 
1 of the air, would be ^^, or 1.5 sec. The 
P ascent is, therefore, the tdrae of descent again ( 
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the starting-point ; and the body will return fo the start- 
ing-point with a velocity equal to its velocity of piojectLon 

in the opposite direction. 

V. CURVILINEAR MOTION. 

64. Uniform Circular Motion. — Hitherto we have dealt 
only with the change in the magnitude of the velocity of a 
body. But force may also change its direction^ The 
motion will then be curvilinear. Let us consider the 
simplest case in which a force acts to produce only cum- 
ture in the path of a body without affecting the speed or 
rate of motion. 

Imagine a body moving round and round in a circle 
with constant speed. A heavy ball attached to a string 
and whirled around the hand has such a motion. The 
velocity along the circle is constant, but its direction is 
constantly changing, and there is a constant pull on the 
string. If this pull should cease, the body would instantly 
move on in the direction of the tangent line, by the first la^ 
of motion. The constant force which incessantly deflects 
the body from a rectilinear path, and compels it to mov^ 
in a circle, is called the centripetal force. It is always 
applied at right angles to the motion of the body, aii^ 
therefore cannot change its velocity along the circle. 

65. Centripetal and Centrifugal Force. — The tension ii^ 
the string which restrains the whirling stone is of course 
a stress. One aspect of it is the action of the hand or 
other central body on the revolving ball ; the other is the 
reaction of the ball on the hand or central body. The 
former is the centripetal force,, or force toward the centre ; 
the latter is the centrifugal force,, or force away from th( 
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WDtre. Tlie two are necessarily equal, Centrifugiil 
bree is the resistance wliich the body offers, on, account 
[f t(» inertia, to deflection from a straight path, 
; 66. Centripetal Aooeleration and. Centripetal Force. — Since 
the rate o£ deflection of the revolving body from a straight 
ine in uniform circular motion is constant, the accelera- 
;ion is eonstjuit; and it is directed toward the centre of 
3ie circle at every point because there is no change in 
ipeed along the circle. If the acceleration were not 
toward the centre, it could he resolved into two compo- 
nents, one toward the centre and the other along the tan- 
gent to the circle ; the latter would mean a change of 
Telocity in the circle. But the velocity is uniform, and 
therefore there is no tangential component ; the accelera- 
tion is wholly toward the centre. Uniform circular 
motion, then, is compounded of s. uniform motion around 
circle and a uniformly accelerated motion along tlie 
fadins. If u is the uniform velocity around the circle 
■wliose radius is r, then the centripetal acceleration is 

« = '^.' (16) 

' Lrt ABC (Fig. 27) be the circle in wliich the body revolres, Htid AB 

miaule portion of the circular path described 

' wry small interval ot time (. Denote the 

ith of the arc AB by a. Then, since the motion 
*'i»g[liBarc ia uniform, s = ui. JB is thedingn- 
IpliAt very small parallelogram with Bidea AD 
WA-iE. The latter ia the distance through which 
hwolTing body Is deflected toward tlie centre 

BUmwralng the very amaH arc AB. Since 

KCelention is constant, AE=^l oC The two 
taugira ABE and ABC are similar. Hence 
V=AE ■ AC. Calling the radlns of the circle r 

^and AC their values, 1^1^= Jof' x 2r = of c Then 
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or the centripetal acceleration is equal to the square of the 
velocity along the circumference divided by the radius of 
the circle. 

Since F= ma^ equation (7), we have for either the cen- 
tripetal or the centrifugal /or{?«, 

F=r2f. (16) 

r 

If m is in grammes, v in centimetres per second, and 
r in centimetres, F is expressed in dynes. If it is 
desired to express F in gravitational units, divide the 
value obtained for J?'by ^ (§ 40). The result will be in 
grammes of force or pounds of force, according to the 
units employed. 

To illustrate : If a mass of 20 gm. is attached to a 
string 1 m. long and is made to revolve with a velocity of 
3 m. per second, the tension in the string may be found 
by applying equation (16). We have then 

^ 20x3002 -iQnnA^ .18,000 .qot 

F= — — — =18,000 dynes; and-^g^= 18.37 gm. 

of force. 

Again, if a body having a mass of 10 lb. move in a circle 
of 5 ft. radius with a velocity of 20 ft. per second, then, 

j^= }^ ^^f =24.88 lb. of force. 
5x32.16 

67. Illustrations of Centrifugal Force. — The occasional 
bursting of grindstones and flywheels when run at high 
speed illustrates the increase of centrifugal force with 
velocity. When the centripetal force becomes insufficient 
to hold the body to the centre, it flies off along a tangent 
line. A stone is thrown by whirling in a sling and 
finally releasing one of the strings. The overturning 
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>f a carriage in rounding a corner at too high speed is an 
iDStance of centrifugal force. Drying machiiiea are now 
made on the centrifugal principle. Instead of drying 
elotliea in a laundry by first squeezing them in a wringer 
and then letting the moisture evaporate in the air, the 
modern way is to place the wet clothes in a large cylinder 
with openings in the sides, and then to whirl it rapidly. 
Centrifugal force causes the water to pass out through 
the holes in the cylinder. 

In the process of refining sugar, the sugar crystals are 
separated from the syrup by centrifugal machines. Honey 
is extracted from the comh in a similar way. New milk 
18 an emulsion of fat and a heavier liquid. If allowed to 
stand, the little fat globules rise slowly to the top and 
form the cream. But if the fresh milk be whirled in a 
^iry separator, the cream and milk will form distinct 
layers, and they may then be collected in separate cham- 
*GTs. In a Watt's steam engine governor, the balls open 
mt by centrifugal force when the speed increases, and 
Shi« motion is made to control the supply of steam. 

The figure of the earth is an oblate spheroid, flattened 

the poles. This flattening was doubtless caused by the 

iontrifugal force of rotation when the earth was still in a 

JKllJiii or at least a plastic condition, before cooling down 

'<* it« present state. 

88. The Simple Pendulam. — A small lead ball, sus- 
pended by a long silk string without sensible mass, repre- 
WHts a simple pendulum. The length of the pendulum 
DWy be taken as the distance from the point of support to 
ttw centre of the ball. When at rest the string hangs 
TOtically like a plumb-line; but if the ball be pulled to 
and let go, it will swing to and fro, or oscillate. 
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about its jKisttioii of reat, each swing beiug " dajnped " s 
little by the air. Its excursions on either side becomi 
gradually smaller; but if the time of the swing be care- 
fully noted, it will be found to remsiu unchanged, if tha 
arc described be small. This feature of pendular motion 
first attracted the attention of Galileo, who obserYed it in 
the oscillations of a "lamp" or bronze chandelier, sus- 
pended by a long rope from the roof of the cathedral in 
Pisa. This "lamp" may still be seen in the same place. 
(ralileo noticed the even time of the oscillations as the 
path of the swinging chandelier became shorter and 
shorter. Such a motion, which continues -to repeat itself 
in equal time-intervals, is said to be periodic. 

69. Pendnlar Motion Eiplained. — A (Fig. 28) is the 

point of suspension, and AN is the length of the simple 
pendulum. Let the ball be drawn aside to the posiliti" 
B. and released. Let BG repre- 
sent the weight of the ball. R*' 
solve this force into JSD in the 
direction of the string, and B^ 
at right angles to it, or tangent W 
the arc BNE. Only the lattet 
component is effective in prodn''' 
ing motion of the ball toward J*' 
As the ball approaches N, tl** 
component BC becomes smaU^'' 
and vanishes at JV. (The studeD* 
should convince himself of this by^ 
drawing a figure with S nearer Jf.) 
'^'' "■ In falling from B to If, the blU'j 

B in the arc of a circle under the influence of a foi 
llich is greatest at B and vanishes at N. The motion is, 
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lierefore, accelerated all the way from B to W, but the 

wceleratioQ is not uniform. The velocity increases eon- 
iinuously fi-om B to JV, but at a decreasing rate. The 
tiall passes through iV with its greatest velocity, and con- 
tinues on toward S. From iVto _B the component of the 
toTce of gravity along the tangent, which is always di- 
rected toward if, is opposite to the motion, or the accel- 
eration is negative. Hence the pendulum is brought to 
rest again at ^. It then retraces its path, and continues 
to oscillate with a periodic or pendular motion. 

70. Definition of Terms. — A single vibration is the motion 

from iVto either B or E, and back again to iV; & complete 
or davhle. vibration is the motion from N to B, across to E, 
ftnd then back again to N, the motion at the end of the 
complete vibration being in the same direction as at its 
t>eginnii)g. The period of a complete oscillation is the 
time consumed in making a complete vibration, or the 
time-interval between two snccesaiye passages of the pen- 
iulnm through JV" in the same direction. The period of 
tmgh vibration is half that of a double vibration. The 
Vntfi^ude is the arc BN. 

% Laws of the Pendnlnm. — When the amplitude does 
not much exceed three degrees, the period of the vibration 
depends very approximately on the length of the pendu- 
l^HtB and the acceleration of gravity. For a single vibration 
tilt foi-mula is ■- 

In this formula, I is the length of the pendulum and tt 
is the ratio of the circumference of a circle to the diameter, 
rl416. This constant is evidently the "proportionality 
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The following are the laws d 
I u independent of the ampHtuAi, 



■ Inn 



ot the equation, 
a siuple pendulum: — 

I. The period of vihrali 
if the latter it imalL 

II. Tke period of vibration it proportimud to the vpvt 
root of the length. 

III. The period of vibration it invertely proportional t» 
tqitare root of the acceleration of gravity. 

72. Experimental Dliutnitdoiu. — The laws of the pendn- 
lom may be illustrated in the following manner : — 



I 



11 



BxpeTiment. — Suspend three Rtnall lead balls by fine silk VOfaM 
as shown in FJg. 29. Uake the leti^hs of the peiidtitmns, to tbi 
centre of the ball in each case, 1 m., ^ m., and )Ki 
respectively. Find the period of a single ribratiai 
for each peDdulani by counting the DnmberiD 
ill, say, 20 sec. These periods will be 1 secTli 
and \ sec. nearly, showing that they are dii«llj 
jiroportioDal to the square root of the lengths. 

Ezperiment. — Again, make a. pendnlnni fcJi 
suspending an iron ball over a strong permu 
horseshoe magnet, so that the ball will jolt 
to touch the poles of the maguet as it swingBi 
them. Determine the period of Tibration, i 
with the magnet in position, and second, ■ 
removing it. The period with the magnet i 
place under the ball will be perceptibly stmrt^ 
than without it. The attraction oi the n 
is equivalent \o an increase in the intensity < 
gravity. The relative intensity of gravity ml 
r>i 59. therefore be measured by observing the period 

vibration of the same pendulum at different plan 
A pendulum will oaeiliate more slowly on the top ot a high moimtiS 
than at sew level, and more slowly at [he equator than at the poke. 

73. A Seconds Fendalum is one making a ^mgle vibratif 

in one second. Its length for the latituao of New Yol 
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i computed by making ( equal to unity, anil g, 980.19 
formula (= 7r*/i., and solviiig for I. (To be done I 
pupil.) Since g increases from the equator toward 
pole, it follows that the length ? of a pendulum to 
jconda increases in the same ratio as g. 

The Compomid Pendulum. — Any body suspended so 
oscillate about a horizontal axis is a compound or 
il pendulum. Every actual pendulum is really 
und, A simple pendulum is an ideal one about 
length there is no ambiguity. The equivalent 
of a compound peudulum, to be used in the for- 
for the period, is not obvious. 

Centres of Suspension and Oscillation. — Let AB (Fig. 

■ a bar suspended so as to have freedom of motion 

a horizontal line through O. Then C is the centre 

oension. Let the centre of the mass be at 

This compound pendulum has a period of 

ion equal to that of some ideal simple pen- 

, oscillating about the same axis, and with 

lole mass collected at a point. Suppose that 

to be at D. Then the distance CD is the 

L I of the simple peuduiuna which will 

B in the same time as the phyaieal bar; and 

lint D an the line OG produced, is called 

<ntre of oscillation. The length I of the '*' ' 

imd pendulum is therefore the distance between 

Qtres of suspension and oscillation. 

centre of oscillation is also called the centre ofper- 
t, because, if the suspended botly be struck at this 
in a direction at right angles to the axis of sus- 
n, it will be set swinging without any jar. A base- 
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ball club, or a cricket bat, has a centre of percussion, and 
it should strike the ball at this point to avoid breaking 
the bat and jarring the hands. 

Experiment. — Hold a thin wood strip a metre long by the thumb 
and forefinger near one end. Strike the flat side with a soft mallet 
at different points. One point may be Jound where the blow will not 
throw the wood strip into shivers, but will only set it swinging like a 
pendulum. 

76. The Two Centres Interchangeable. — Huyghens, a cele- 
brated Dutch physicist, discovered that the centres of sus- 
pension and oscillation are interchangeable, that is, that 
the period of vibration is the same whether the pendulum 
swings about the one as an axis or the other. This 
discovery led to the invention by Captain Kater of a 
pendulum with two parallel axes of suspension, and with 
adjustable weights which can be moved till the pendu- 
lum will swing in the same time about the two axes. The 
distance between them is then the length I. 

77. Utility of the Pendnlum. — The discovery of Galileo 
suggested a most obvious use of the pendulum as a time- 
keeper. The common clock is an instrument in which 
the to-and-fro motion of the pendulum regulates the rotary 
motion of the hands. The tcain of wheels is kept in 
motion by a weight or a spring, and the regulation is 
effected through an escapement (Fig. 31). One tooth of 
the escapement wheel escapes from the pallet with every 
double vibration, but the movement of the wheel round 
its axis is about equally divided between the two halves 
of the double vibration. The pendulum controls the 
escapement, and it receives in turn small impulses which 
keep it swinging against friction and opposition of the 
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aP- The pendulum itself is supported by a thiu flexible 
pniiig at the top. 

T'ie vibration period is affected by any change in the 

BB^tliof the pendulum. To secure a uniform 

it^ this length must be kept invariable ; 

nd corrections muat be made for changes 

n length due to changes of temperature. 

Ihe common clock, with an uncompensated 

pendulum, loses time in hot weather and 

guna in cold, A correction may be made 

^ raiaing or lowering the bob by means of 

B tanning nut shown at the bottom of the 

%ire. 

Astronomical clocks and clocks for precise 
piyaical measurements have compensated 
pendulums, which adjust themselves auto- 
matically when the temperature changes. 
The mercurial pendulum, commonly used 
purpose, has in it a mass of mercury, 
sxpands upward while the pendiilmu 
inds downward. Compensation is I -^J 

ited. In one form the mercury in ^S^-^ 
forms the pendulum bob; in p 3, 

the bob is lens-shaped, and the mer- 
tly fills a steel tube carrying the bob, similar to' 
shown in the figure. Por perfect compensation, 
;ht of the mercury in the tube is adjusted for 
itnde of the place and the height above sea level. 

Problema. 
^following problemB, unless otherwise stated in tlie problem, 
ft token as 980 cm. or 32 ft. per secoud per aecoiid. 
f a builtUng were 100 ft. high, with what velocity would a 
ped froTQ the top strike the ground? Cg U a. 
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2. If a stone thrown upward returns to the ground in 4 sec., how 
high does it ascend ? j rr 

3. A rifle hall is shot vertically upward with a velocity of 1600 ft 
per second. In what time will it reach the ground, neglecting the 
resistance of the air ? ' • i < 

4. IIow far must a ball fall in order to acquire a velocity of 98 m. 
per second V y i , 

5. A cannon ball is fired horizontally from the top of a cliff 
2(H) m. liigh. In how many seconds will it strike the plain at the 
foot of the cliff ? 

6. A stone dropiwd from a bridge strikes the water in 3 sec. 

"What is the heiglit of the bridge? Lj v. . ^ 

7. What vertical velocity must be given to a stone that it may 
just pass over a flag-pole 50 m. high? . ' ^^ ^ 

8. A brick falls from the top of a chimney 200 ft. high. In what 
time will it reach the ground? •- 

9. A body sliding down a frictionless inclined plane passes over 
10 ft. the first second. What is its acceleration, and how far will 
it travel in 3 sec? j >A kjf' 

10. An iron ball is let fall from the top of the leaning tower of Pisa, 
288 ft. high. One second later a second iron ball is dropped. How 
far will they be apart when the first ball reaches the ground? 

[Find tlie time it takes the first ball to reach the ground. Then 
find how far the second ball has fallen when the first one has reached 
the ground.] » . 

11. A mass of 100 gm. is revolving uniformly, once in 2 seconds, in I 
a circle whose radius is 1 m. Find the centripetal force in dynes, -^t! 

12. A mass of 50 gm. is connected to a fixed point by a string 2 m. 
long, and is whirled around in a circle once in 3 sec. Find the! 
tension in the string in dynes ; also in grammes of force, 'j* V'f '^V 'j 

13. A mass of 3 kgm. suspended by a string swings in a circle 
making the string describe a cone. The radius of the circular pa& 
is 1 m., and the ball makes 20 complete revolutions in 30 
Calculate the centrifugal force in dynes ; also in grammes of force. 



14. A locomotive whose masfl is 24 tons pasaaa around a cireular 
curve whose radius is half a mile, with a velocity of 30 mi. an hour. 

"What is the centrLtiigul force? ( 1 l.fj 'r ■; I;, .^ ^.,^01) Ai 

1.5. K a pendulum is 98 cm. long, what will be the period of a 1 
- vibration when g = 080 cm. per second per second? o-v • ' ^^J' - 

15. What is the length of a seconds pendulum at Ann Arbor, Mich., 
the value of g being 980.3 cm. per second per second ? ,' j - 3 ^"^ 

17. If a peudularo inahes 35 vibratioas in 42 sec, and ii 143 cm. 
long, what is the v»lue of ^ ? 
ll^lS. If a seconds pendulum be taken as 3!) in. long, what would be 
\lie length of a pendulum that would make 70 vibrations per rainute ? ^ 

19. If ff is 880 cm. per second per second, how long must a pendu- 
lum be to swing once in 5 sec.? ■ . ,, ^ '} ^"-^ 

20. The length of a seconds pendulum at the equator is 90.1 cm, 
■What is the acceleration due to gravity ? i - , . 

21. The length of a seconds pendulum at Washington is 90.304 cm. 
and at Greenwich it is 09.410 cm. What ia the ratio of the acoeJer- 
atton due to gravity at these places? 

22. The force of gravity on Jupiter is 2.65 times greater than on 
the earth. Will the Jovian seconds pendulum be longer or shorter 
than the earth's, and how many tioaes? 

23. Foucault used a peudulum 320 ft. long in his experiment at 
Paris to show the rotation of the earth on its axis. Calculate the 
time of a vibration, the value of g being 32.2 ft. per second per second. 

a*. A metre stick of uniform cross-section is pivoted at one end so 
AS to swing as a pendulum. The centre of oscillatioii of such a bar ia 
two-tbirda its length from the pivoted end. Calculate its time of vibra- 
tion, when g is 880 cm. per second per second. 

VI. WORK AND ENERGY. 

78. Work. — Whenever an agent exerting a force pro- 
duces any effect on a body, and the point of application 
in the direction of the force, then the agent exert- 
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ing the force 18 said to do mechanical work. For example, 
steam exerts pressure on the pistou in the cylinder of an 
engine, causes it to move, and does work. Gravity does 
work on the weight of a pile driver, causing it to descend; 
a horse does work in pulling a wagon up an inclined road- 
way ; the electric current, by means of a motor, does work 
when it drives a pump and forces water up into the taut 
of a water tower, 

Unless the point of application moves in the direcdoo 
of the force, no work is doae, however great the force maj 
be ; the pillars supporting a pedjment over a portico tl** 
no work, though manifestly they support a great weigb-* 
and exert force. 

Work is the production of an effect in bodies by to* 
of a force whose point of application moves in the diret" 
tion of its own line of action, and it is measured by tl^' 
product of the force and the distance moved, or 

ir= Fa. Q&y 

79. Units of Work. ^ The three units of work in ooit»" 
mon use are : — 

1. The foot-pound^ or the work done by a force of ot»^ 
pound working through a distance of one foot. This iini* 
is the one still used by English-speaking engineers. It i 
open to the objection that it is variable, on account of th*! 
variation in the weight of a pound with the latitude (§ 54^*: 

2. The kilogramme-metre, or the work done by a force o» 
one kilogramme working through a distance of one metrtf* 
This ia the gravitational unit of work in the metric S^V 
tem ; it is open to the same objection as the foot-pound. 

3. The erg, or the work done by a force of one dynt 
working through a dbtance of one centimetre. The t 
Kthe absolute unit in the C.G,S. system and is invariabla 
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Gravity gives to a gramme in a Becond a velocity of 
.about 980 era. a second. It is therefore equal to 980 
■dynes. If, then, a gramme be lifted vertically one centi- 
meter, the work done against gravity is one gramme- 
^loentimetre, or 980 ergs. 

I A silver dollar weighs about 26.73 gm., and the height 
lof an ordinary table is about 76 era. The work done in 
Sifting a silver dollar from the floor to the top of a table is 
ithen the continued product of 26.73, 76, and 980, or 
j2,000,000 ergs nearly. 

I The erg is, therefore, an excessively small unit, and it 
is more convenient to use a multiple for practical measure- 
ments. The multiple commonly employed is the joule, 
which is equal to 10^, or 10,000,000, ergs. Expressed in 
this larger unit the work done in lifting the silver dollar 
iis 0.2 joule. 

80. Time not an Element in Work. — It necessarily takes 
lltime to do work, but the amount of work done has nothing 
rwhatever to do with the time taken to do it. To lift the 
silver dollar from the floor to the table top requires the 
Expenditure of 2 million ergs of work, whatever the time 
consumed in lifting it. If a man weighing 150 lb. walks 
[up the nine hundred steps leading to the highest attain- 
able level in the Washington monument, 500 ft. high, he 
does work against gravity equal to 75,000 foot-pounds, 
irrespective of the time taken in the ascent. 



SI. Power. — It is frequently necessary to take into 
Account the time an agent takes to do a certain quantity 
of work. Then the work done in a given time, divided 
by the time, is called power or activity. Power it the time- 
•W* Iff doing work. 
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Id the English gravitatioaal Byetem, the unit of power 
is the horse-power (H.P.) ; it ia the rate of doing wort 
equaj to 33,000 foot-pounds a minute, or 550 foot-potmds 
a second, 

la the C.O.S. system the unit of power is the teoS. 
It equals work done at the rate of one joule (10^ ergs) a 
second. One horse-power is equivalent to 746 watts. A 
kilowatt (K.W.) is 1000 watts. It is therefore very 
nearly ^ horse-power. To convert kilowatts into horse- 
power, add one-third ; to convert horse-power into kilo- 
watts, subtract one-fourth. For example, 60 K.W. equals 
80 H.P., and 100 H.P. equals 75 K.W. 

82. Energy. — In general, a body upon which work hafl 
been done is found to have an increased power of doinfl 
work itself. It is then said to possess more energy thft" 
before. The increase of energy acquired by the body i* 
the moat essential part of the effect produced when work 
ia done on it. When work is done on a quantity of watt* 
by lifting it to a high level, its energy is increased beoansfl 
it is capable of doing work by flowing down again througll 
a water motor. The winding of an eight-day clock WH 
its weight against gravity, and the clock thereby acqoirtf 
enough energy to keep it running against resistance for a8 
entire week. The rate of putting energy into it is ytxj 
large compared to the rate at which the clock doles it out 

Energy i«, then, the capacity for doing work. 

83. Potential Energy. — The energy or capacity to'.4 
work, possessed by a lifted weight or by a coiled spni^ 
or in general the energy which a body has by virtue of i 
position relative to some other body, or the relative poEJ 
tion of its parts, is called potential energy. In bending 
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bow work is done in distorting it, or placing it under 
stress ; and it then possesses potential energy due to its 
altered shape, for it can do work on an arrow and give it 
rapid motion. Potential energy is often called energy of 
position or energy of stress. 

The potential energy of the weight of a pile-driver is the 
work done against gravity in lifting it. The measure of 
this energy is then 

E=F]i, (Hi) 

where F is the lifting force and /* the height through 
which the weight ia lifted. 

84. Kinetic Energy. — A moving hody has the capacity 
of giving motion to another body. It then possesses 
energy. The energy which a body has by virtue of its 
motion is called kinetic energy. Work is done on a 
cannon ball by the agency of the gases due to the explo- 
sion of the powder. The ball acquires high speed and 
something more than that ; for it then has the capacity 
o£ overcoming resistance. This moving mass may imbed 
itself in earthworks, demolish fortifications, or pierce the 
nickel-steel armor of a battleship. The energy which the 
ball acquires from the explosion is kinetic energy, or energy 
of motion. Motion is the essential fact in a body possess- 
ing kinetic energy, 

85. Heasure of Kinetic Energ7. — Not only is energy a 
measurable quantity, but it is measured in terms of the 
same units as those used in me^uring work. 

Let a body of mass m, moving with a velocity v, be 
acted on by a constant force F in a direction opposing the 
motion ; and let it be brought to rest after it has passed 
over the distance «. Then the work done by the moving 
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body against the force F, before it Is brought to reat, 
is Fn (equation 18). But F = ma (equation 7), and 
8 = ^ (§ 34), since the body loses velocity u in a space t. 

(20) 



Therefore U^ma x ^=h mt^. 



The measure of kinetic energy in terms of the mass and 
velocity of the moving body is therefore half the product 
of the mass and the square of the velocity. 
expressed in grammes and v in centimetres per seconA 
the kinetic energy is in ergs. In the English gravifcW; 
tional system 

2^ 64.3 ^ 

where, if m is expressed in pounds, and v in feet [>' 
second, E is in foot-pounds. 

In the latitude of New York ergs can be reduced ' 
kilogramme-metres by dividing by 98,000,000 (§ 79). 

86. Transformationa of Energy. — -If a ball be throf^ 
vertically upward, it gradually loses its motion and £■ 
kinetic energy, but it gains energy of position. When 
reaches the highest point its energy is all potential. - 
then descends, and again acquires energy of motion at tl>' 
expense of energy of position. The one form of enec^ 
is therefore convertible into the other. 

The pendulum illustrates the same principle. WhUft j 
is moving from the lowest point of its path toward eiti 
extremity, its kinetic energy is converted into potet 
energy ; and the reverse transformation sets in ^ 
pendulum reverses its motion. All physical procesM 
involve energy changes, and such changes are in ceftSI 
^^es progress. A machine is only an instrument or de^i( 
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for the transform ati on of energy and the turning of it to 
useful account, A watch when wound has a small store 
of potential energy which it expends very slowly in the 
work of turning the train of wheels against friction and 
the resistance of the air, and producing the sound of 
ticking. In a week a wateli distributes the energy of 
winding it seven times among over 3,000,000 ticks. 

Potential energy is the highly available or useful form. 
It always tends to revert to the kinetic form, but in such 
a way that only a portion of the kinetic energy is available 
to effect useful changes in nature or art. The remainder 
goes into useless heat. The energy of the aolar system is 
therefore becoming all the time leas and less available. 
Strictly, the capacity which a body possesses for doing work 
does not depend on the total quantity of energy which it 
may possess, but only on that portion which is available, 
or is capable of being transferred to other bodies. We 
have to deal chiefly with the variations of energy in a 
body, and not with its total value. In subsequent sections 
we shall have occasion to consider many other forms of 
energy than those already mentioned, and we shall find that 
they are all mutually convertible the one into the other. 

87. Conservatioii of Energy. — The question arises, when 
work has iHten done on a body and energy communicated 
to it, has the energy been made out of nothing, or has it 
been merely transferred? The answer of science is that 
the latter is the truth. Innumerable facts and experi- 
ments show that it is as impossible to create energy as to 
create matter. 

Whenever energy appears as the result of work done on 
s body or system, it is always at the expense of energy in 
some other body or system. 
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Tlie agent, or body which does work, always loses 
energy; the body which haa the work done on it gains the 
same amount. On the whole, there is neither gain nor 
loss of energy, but only transference from one body to 
the other. 

The law of Conaervation of Mnergy means that no energy 
is created or destroyed by the acticn of forces that we 
know anything about. 

88. Matter and Energy- — " All that we know about 
matter relates to the series of phenomena iu which energy 
is transferred from one portion of matter to another till 
in some part of the series our bodies are affected, and we 
become conaeious of a sensation. We are acquainted wifcb 
matter only as that which may have energy communicate^ 
to it from other matter. Energy, on the other hand, ^"^ 
know only as that which in all natural phenomena is eod-' 
tinually passing from one portion of matter to anothe*"- 
It cannot exist except in connection with matter."^ 

Problems. 

1. A man weighing 150 lb. ciiiubs to the top of the Eifiel TowaW^'i 
height 984 ft- How many foot-pounds of work doea he do ? i «i H^ 

[The man lj£ta himself agiiiiist gravity and hence exerts a toio^ 
numerically equal to his weight.] 

3. A Htone weighing 50 kgm. was lifted to the top of a baildin|^ 
30 m. high, Calculate the amount of work done. 1 ffOO '^-< m^ _ 

3. How many ergs of work are ilane in raising a maaa of 20 igm- 
Tertioally through 10 m.? \ ■' . . 

4. An unlialunced force of 10 kgm. moves a mass of 100 ksmi 
through the distance 100 in. How much work is done? If ihe satM 
force moves a mass of 200 kgm. a distanoe of 100 m., how mucli work 
is done? J 9Ti p ' ■- \ 



n 



• Maxweira Matter and Motion, p. 133. 
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iy means of a force whose magnitude is 1000 dynes, a mass is 
through a distance of 250 m. How many joules of work are 
done? % < \f^- 

6. A man wb^ employed to carry 2 tons of coal to the third 
Soor of a building, the height being 30 ft. By accomplishing the task 
in 4hr., how much work does he do per minute? ^ITo •■ '■ ^' 

' y 1. HowiDuchwoi'k is done against gravity in hauling a loud of one- 
Salf of a ton to the top of a hjli 200 ft. high 1 The liill la found to be 
gOOO ft. long. What force against gravity is necessary to pull the load 
np the hill? m (^ j.-;.--< ' ' 

B. At what rate ia an engine working which raises 1000 tons of 
coalinlOhr. froBiamineSOOft. deep? 3o-3 ■— ' 

9, A steam purap can fill a tank with water in 4 hr. Tlie capac- 
ity of the Unk is 5000 gal. and the elevation ts 40 ft. Tf a gallon of 
water weighs 81b., what ia the horse-power of the pump? . Dot 'i '* 
\ 10. How much coal can a 20 II.P. engine raise in 10 hr. to the 
ttouthof amiac400ft. deep? /tqs fj,. . 

' 11. A tank whose capacity is 10,000 gal. is placed on a platform 08 
ft. above the level of tlie water of a near-by lake. How long 
ivill it take a S H.P. pump to £11 it with water? Assume a gaUon of 
iiWater to weigh 8 lb. J-b i»^*>- 

12. An electric motor raises au elevator cage whose unbalanced 
.Wdght is 2000 kgm. through a height of 40 m. in 10 sec. How much 
jiWOrV, expressed in joules, does the motor do ? What power, expressed 
lin kilowatts, does the motor exhibit? 1 ■, ^ - j ' ,i' '" - 

[ 13, Express in kilowatts the activity of an agent thai can raise 
jflSM kgm. to a height of 20 m. in 15 sec. K' U l^t >^t' ^ 

14. What is the horse-power ti'ansraitted by a rope paasinB over a 
wheel 30 ft. in circumference which makes one revolution per second, 
the tension in the rope being 100 lb. ? 1 ■ i-- . -- i ^ 

U. The area of the piston of an engine ia 10 sq. in., and the mean 
Pl^anre on the piston ia 100 lb. of force per square inch. What is 
. *l'e total force moving the piston 1 If the length of the stroke ia 20 in., 
■lid 240 revolutions are made by the fly-wheel per minute, through 
/WWrauiy feet per minute does the piston travel? How much work 
Pm misute ia done on the piston by the force 1 What is the horse- 
VmKt of the engine ? 
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j 16. A resistance of 1000 lb. of force is overcome by an engine 
which is moving a train at the rate of 30 mi. an hour. How much 
work is doue per second? What H.P. has the eninne? ^ •-* *^ ^ ' 

17. A stone weighing 2000 lb. rests on the edge of a vertical cliff 
150 ft. high. How jnuch energy is stored in it ? What wonld be tiie 
energy of the blow with which it would strike the base of the cliff? 
How much work would an agent do in replacing the stone on the 
top of the cliff? ' ' \ ^ 

18. A ball w^hose mass is 20 gm. is thrown with a velocity of 100 
cm. per second. How much energy in ergs is imparted to it? . ;■/- 

19. What is the energy in ergs of a cannon ball whose mass is 10 ,^ 
kgm. when moving with a velocity of 500 m. per second ? ? n^ ' 

20. Compare the penetrating power of two similar balls, one hav- 
ing a mass of 10 kgm. and a velocity of 500 m. per second, the other 
having a mass of 5 kgm. and a velocity of 60 m. per minute. Ako 
compare their momenta. . . - I 1 

21. A force of 1 kgm. acts for 10 sec. on a free mass of 10 kgp* 
How much kinetic energy will the body possess ? .' ' V '^'f "^ - i' * *^ 

[Express the force in dynes ; then find velocity by equation (6).] 

22. How much work is done in stopping a 5-kgm. ball moving with 
a velocity of 20 m. per second ? Express the result in joules. ' /7^ ; 

23. A bicyclist weighing 175 lb., mounted on a wheel weighing 25 
lb., while riding at the rate of 15 mi. an hour collides with a tree. 
What is the energy of the blow ? [Consult § 85.] ;;; 

/ 24. The Great Pyramid is 450 ft. high. How much energy wft* 
expended in placing at the top of this pyramid a stone weighing 30 
tons? ^ !' '■. 

•^ 25. A party of boys are coasting on a hill 100 ft. high. The sled 
and the load represent a mass of 600 lb. Neglecting all loss by fn^' 
tion, what will be the energy of the moving load on reaching the foo* 
of the hill? : . ■ 

[Find the potential energy of the load.] 

26. What is the energy in foot-pounds of a locomotive weighing 
100 tons (of 2000 lb.) moving with a velocity of ten-elevenths of a mil® \ 
a minute? [Consult § 85. Take 5^ = 32 ft. per sec. per sec] ^ x 
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27. A mass of 100 gni. moving with & velocity of 50 cm. per second 
meets with a constant resistaoce of 5W) dyuea. Mow far will it mova \ 

before coming to rest? 'J Vo i-.— , 

36. A train of 150 metric tons is running at the mte of 36 km. an 
honr. How much energy does it [loBsens ? A metric ton is 1000 kgm. 7i'''< 

29. A ^kgm. cannon ball k discharged with a velocity of 500 m. 
' per second. Kow much work does the force of the explosion do on 
tbeball? If the barrel of the gun is 2 m. long, what is the explosive 
force of the powder in kilogrammes of force? _■ s . • c' ''i'- ''Ti* ' 
[Note the distance through which the force acts and the fenet^ | 

nhieh it must impart to the ball.] 

VII. MACHINES. j 

69. A MaoMne is a device designed to transform oc ' 

I transfer energy, and to do useful work. An electric light- 
ing and power plant illustrates both features of a useful 
machine or collection of machines. The heat energy of 
the steam actuatea the Dioving parts of the engine, ami is 
thence transferred mechanically to the armature of the 
BjHamo, where it is converted into the energy of au , 

«leetric current. ' 

Simple machines, or mechanical powers, are restricted to 
Mvices for merely transferring energy. They are six in I 

Boniber, the lever, pulley, wheel ajid axle, inclined plane, 
WiijB, and swew. Since it will appear from what follows 
H&t the pulley and the wheel and axle are only modified 
lerers, and the screw and wedge are modified inclined 
ftmes, it is therefore possible to reduce the six simple 
[jaubines to two, the lever and the inclined plane. All 
pomplex machines are raechanieally only combinations of ' 

Itwo or more simple machines. 



90. Hechanical Advanta^. — The effective force exerted 
) agent losing energy, and the force exerted by the 




f the J 
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body receiving energy in a simple luacbiQe, may be denoted 
by two terms introduced by Rankine, namely, effort and 
remtance. The problem in simple machines consists in 
finding the ratio of the resistance to the efEort, and this 
ratio 13 known as the mechanical advantage. In ele- 
mentary discussions it is customary to neglect friction 
assume that the parts of a machine are rigid and without 
'eight. 



91. Qeneral Law of Hachines. — Every machine must 
conform to the principle of the conservation of energy, o' 
the work done hy the effort mmt equal the work done in OVif- 
comiTig the resistance, except that some energy may be dis- 
eipated as heat or may not appear in a mechanical fonn. 
A machine can never produce an increase in the quantity 
of energy. 

Denote the effort by F and the resistance by £, and 
d and D denote the distances through which they a 
respectively. Then we have, from the law of conservatioBi 

Fd = ED, (22> 

or the effort multiplied by the distance through which ^ 
acts is equal to the resistance multiplied by the diBtaiUil 
Duoved against it. 

92. Ef&ciency. — If a machine could be made that wool 
ifaste no energy, that ia, one in which the resistance is li 
U^ul and not wasteful, the machine would be perfect K 

I efficiency would be unity. But in practice ther&^ 
jllways some wasteful resistance due to friction (§105 
nigidity of cords, etc. The work done is therefore aim 

brtly useful and partly wasteful. The ■ 
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ine is the ratio of the useful work done by it to the 
work done on it. Efficiency is always, therefore, a j 
jr fraction, and it is expressed as a percentage. 
sncy of 90 per cent means that the energy recovered I 
I per cent of the energy put into the machine, A ] 
line which will do either useful or useless work con- I 
lusly, without a supply of energy from without, la 
clearly impossible. i 



. A Lever is a rigid bar, straight or curved, turning ■ 
t a fixed axis called the fulcrum. The perpendicular ■ 
■nees between the ful- 

I and the lines of action a ^ . , 

16 effort and the resist- i 

are called the arms of 1 j/' L 

lever. A gtraiykt lever 

the arms in the same ^ r ■ 

ght line. 

the fulcrum is between ''yw 

points of application of ^ I . 

iffort and the resistance, | ^ ^ 

lever is of the first \ 

(Fig. 32) ; if the re- "' p,^ ^^ 

nee is between the effort 
tLe fulcrum, the lever is of the second class; if the I 
i is between the resistance and the fulcrum, the lever j 
the third class. 



KecliaBical Advantaipe of the Lever. — In the threo J 
ams of Fig, 32, the arms of the straight lever are i 
nd BF. Let P be the effort and W the resistance, 
B weight lifted. Then if the lever is weightless and | 
Eciotion, the moment of the effort about the J 



m^notion, the 
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1 






fulcrum F is equal to that of the resistance or weight 
about the same point, as the condition for equilibrium. 
47 a). The two forces tend to rotate the lever ia 
lipposite directions. Hence, P x AF= Wx BF, or 



W 



AF 
BF' 



lerefore, the mechanical advantage of the lever equah ihs 
\ver»e ratio of its arms. 

If it is desired to take into account the weight of the 
lever, then the moment of this weight, considered as 
acting at the centre of gravity of the lever, must be added 
to the moment of either the effort or the resistance, accord- 
ing as the weight of the lever acts to produce rotation in 
the same direction as the one or the other. 



95. nioBtiatioiu. — The common balance (Fig, 
lever of the first class with equal arms. P ia therefraw 
equal to W. For accuracy the two arms of the beam 
must be strictly of the 
same length ; and for 
high sensibility, the fric- 
tion must be small, the 
beam light, and the 
centre of gravity only 
slightly below the 
" knife-edge " forming 
the fulcrum. If the 
arms are not of equal 
length, the true weight 

of a body may be found by weighing it first in one 
pan and then in the other, and taking the square root 
the product of these apparent weights. 
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The steelyard (Fig. 34) ia a lever of tlie first class with 

irins. ScisBora are double levers of the first class. 

^ crowbar, used to lift a weight with one end on the 

ind, is a lever of the second class. Nutcrackers are 



¥> 



Soulile levers of the same class. When a weight is held 
in the palm of the hand, the forearm acts as a lever of the 
wd cla^ ; for the fulcrum is at the elbow and the effort 
a applied through the tensiou of the muscles which are 
Sttaclied between the elbow and the hand. 

98. The Wheel and Axle (Fig. 3S) 
Consists of a cylinder and a wheel of 
arger diameter turning together on the 
Bnw axle. In the figure the axle 
through C, the radius of the 
fiy^der is BC and that of the wheel is 
AC, If the weights P and W are 
impended by ropes wrapped around the 
lircumf ere noes of the two wheels, the 
loment of P in one direction about C is equal to that c 
in the other, or 

AC 



PxAC^WaBC. Then- 



£G 
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where R and r are the radu of the wheel and the axle 
roapectively. The weight P may represent the effort 
applied at the circmaferen.ce of the wheel, and the weight 
W the resistance at the eircumferenee of the axle. Henoe, 
the mechanical advantage is the ratio of the radius of tit 
leheel to the radius of the axle. 



} 



97. Applioatioas. - 
asle mUL'h used fur 




-The derrick is a form of wheel anil 
aising heavy weights. The essential 
parts are shown in Fig. 
Tills may be looked upon u 
a double wheel and ai^'- 
The axle of the first syateo 
works upon the wheel of the 
second by means of the spur 



L^^^ 




gears. The cranks or handles of the first system eui8W< 
the same purpose as a wheel. The mechanical advant^ 
in this case is the ratio of the product of the radii of ti 
wheels to the product of the rjtdii of the axles. 

In the capstan (fig. 37) handspikes inserted in the bol 
at the top are used instead of a wheel; while the rope^] 
■which the work is done, is wrapped around the bod^ 
the capstan as an axle. 



K\ 
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98. Tlie Pulley is a wheel, called the gJieaf, free to tui 

out ail axle iu a framework called a block. The ei 

id the resistance or weight are attached 

I a rope which lies in a groove cut in the 

tcumference of the wheel. A simple 

xed pulley is used to change the direction 

£ the motion produced hy a force, and 

he effort and resistance are equal to each 

ifiier; for, neglecting friction and the 

Sifhess of the rope, the tension through- 

lut the rope is the same. ^ 

la the movable pulley (Fig. 38) a % 

Ifeight may apparently be supported by a i-^li, 

Iwce lialf as great as itself; but the other 

blf of the force is supplied by the fixed '*' 

hook to which the cord is attached. 
the weight is lifted it rises only half i 
fast as the free end of the cord travels 
The mechanical advantage of a simple I 
fixed pulley is thus cue, and of a simplel 
movable pulley two. 



99. Systems of Fixed and Hovable Fiilleyi.1 

— The most useful combination of pulleyftj 
consists of two blocks, each with t 
sheafs which usually turn on the same axle^ 
One of these blocks is attached to a fixe< 
point, while to the other is attached th^ 
resistance or weight (Fig. 39). This i 
the common " block and tackle." 



100. Heotanical AdvantagQ of the Pulley. 
— 'The principle involved in determining 



ling^l 
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the mechanical advantage of the palley is the transnusBion. 
of the same tension to all parts of the cord or ropA, 
The only purpoeeit served by the wheels of the pulley are 
to diniiuinh friction and to change the direction of tlie 
effort. 

When thti cord passes in succession around each pulley, 
as in I'ig. 89, it is ohviouu that the weight is sustained b}' 
the Hcvoral parts of the cord, the tension in each part b 
y, tlic effort applied at the free end. If there are n parts 
tu tho cord, the total tension supporting the weight If 

will Iw nP ; that is, W= nP and ^= n. 

The mechanical advantage of a system of pullers, whiV^ 
tingle cord in used, is therefore equal to the number of tiit^' 
the cord pamet to and from the movable block. 

101. The Inolined Plane. — Suppoae a body r 
inclined plane without friction. The weight of the body 
(vots vertically downward, while tlie reaction of the in* 
ulined plane is perpendicular to its surface; so that W 
maintain the body in equilibrinm on the incline, a tliiri 
force must he applied. Two principal cases occur; 
when tlie force applied is parallel to the /ace of the plane 
second, wlien it is parallel to the base of the plane. 



102. Mechanical Adrtf 
tage of the Inclined Plam.- 
Cajn; I: When the force i 
applied parallel to the fl 
of the plane. The BD 
convenient method of i 
taining the relation betVB 
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he force F (l''iy. 4U) and tlie weight W is to apply t 
(rinciple of work. Suppose D to move under the influetioi 

II the force F from A to C Then tlie work done by J 

I F X AG. The work done on the body i*, of weighfl 
"", is at the same timis W x BO, since IP" is lifttd througll 
|i vertical distance, BC. Therefore, F X AC = W X BO. 



W AC 



! 



' bc h' 




»r the mechanical advantage, when flu- force is applied pan 

ll to the face of the plane, ia the ratio of the length of t 
plane to its height. 

Case II: When the force ia applied parallel to the base 
of the plane. If, in this case, we estimate the work done 

by the force F in moving the body up the plane from A 

to C (Fig. 41), we must 

take the distance moved in 

the direction of the force. 

Sow the displacement of 

tlia body in the direction 

of the force in going from 

4toC is not AC, but the 

■lusfl of the inclined plane 

-ifi. Therefore, the work done is F x AB. The work 

^6 on tbe weight W ia the same as in the first case.' 

Baioe, Fy.AB = WxBC,oT 

W^AB^h 
F BC h' 

tekanical advantage^ when the force is applied parallel 
t base of the plane, ia the ratio of the base of the plane 




90 BIGH aCHOOL PHTBWB. 

103. The Wedge (Fig. 42) is a double inclined plane, 
with the effort applied parallel to the base, so as to enlarge 
an opening or lift a weight. The effort is generally ap- 




plied by a blow with a heavy body. Although the prin- 
ciple of the wedge is the same as that of an inclined 
plane, yet no exact statement of the mechanical advan- 
tage is possible, since the resistance has no definite rela- 
tion to the faces of the plane, and friction cannot be 
neglected. 



104. The Screv is a cylinder, on the outer surface of 
which is a uniform spiral projection called the thread. 
The faces of this thread are inclined planes, as may be 
seen by wrapping a long triangu- 
lar strip of paper around a rod 
like a pencil (Fig. 43). The base 
of the triangle is perpendicular to 
the axis of the cylinder, and the 
hypotenuse traces a spiral like the 
thread of a screw. The screw 
''''■ '"■ works in a block called the nut, on 

the inner surface of which is a groove. This groove is 
the exact counterpart of the thread (^Fig. 44). The effort 
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is applied at the end of a lever, fitted either to the i 

or to the nut. When either 

makeB a complete turn, the 

screw or nut moves through a 

distance equal to that between 

two contiguous threads, measured 

parallel to the axis of the screw 

cylinder. This distance (a in Fig, 43) is called the pitch 

of the screw. 

105. Hechanical Advanta^ of the Screw. — Since a screw 
is usually combined with tlie lever, the simplest method of 
finding the meohanical advantage is to apply the principle 
of work expressed in the general law of machines (§ 91). 
If the pitch be denoted hy 8, and the lever arm by I, then 
when P makes a complete revolution, the work done iB 



Px2-!tI^Ws,< 



W 27r;. 



that is, the mechanical ad- 



vamtage of the screw equals the ratio of the distance traversed 
bjf the effort in one revolution to the pitch of the seretv. 



106. ApplioationB, — Familiar 

uses of the screw are illustrated 
hy the lifting jack (Fig. 45), copy- 
ing and book presses, cotton and 
hay presses, the screw propeller of 
ships, and air fans. In most cases 
it depends for its efficiency on fric- 
tion, as in holding together tlie 
parts of machinery and woodwork. 
The screw is used also for the 
purpose of measuring small di- 
i in the wire micrometer 



} 
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Fig. 46. 



(Fig. 46). An accurate screw, (7, has its head 2) divideo^ 
into a number of equal parts, so as to register any portioi^ 

of a complete revolutioi^- 
If, for example, the pitcH 
of the screw is J mm., an^ 
the head is divided into 
25 equal parts, then for 
each revolution the end of 
the screw advances | mm- » 
and if the head of tbe 
screw be turned throxigb. 
one of the 25 divisions* 
the end of the screw will advance ^ of J, or ^^ mm. 

107. Friction, — The resistance which opposes an effort 
to slide or roll one body over another is called frictiofi" 
Friction is called into action only when a force is appli©<^ 
to make one surface move over another, and it always 
resists this motion. It arises from inequalities in the 
surfaces, and is diminished by polishing the surfaces i^ 
contact and by tlie use of a lubricant. Tlie amount ^^ 
friction is proportional to the pressure of the one surfii^® 
on the other; it has a limiting value, which is its val^i® . 
just before motion takes place. 

108. Limiting Angle. — A body may rest on an inclin^^ 
plane without sliding, tlie force to maintain equilibrium 
being supplied by friction. For every pai;* of substano^^ 
there is an angle of elevation, which is the greatest ^ 
which a plane made of one substance can be inclined ^^ 
the horizontal before a body made of the other will sta^ 
to slide on it. Tliis angle is called the limltiny angle of 
friction^ or the angle of repose. 




109. Sliding Friction. — Frictioa continues after the 
kliding motion has begun, and opposea the motioa; but its 
magnitude in general is less than the friction of rest at the 
noment the slipping begins. 

The friction h independent of the area of the surfaces 
in contact if the pressui'e remains the same. The fraction 
t>£ the pressure which luuat be applied as a force to main- 
tain uniform motion against friction is called the coefficient 
of Jriction. 

Soiling Friction. — The friction of a round solid 
lolliug on a smooth surface is less 
than when it slides. Advantage is 
taken of this fact to reduce the friction 
oi bearings. A ball-bearing (Fig. 47j 
Bubstitutes the rolling friction between 
IsUb and rings for the sliding friction 
ihaft and its journal. 



111. Lobs of Energy Due to Friction. — Friction acts in 
every case as a resistance opposing motion. Whenever 
sny displacement actually takes place, work must be done 
Bgainst frictional resistance. The energy equivalent to 
tliia work is converted into heat, which is gradually dif- 
"Md among neighboring bodies, and this energy is then 
Do longer available. Friction, therefore, decreiises the 
offieieucy of machinery and wastes energy. 

118. U9« of Friction. — Friction, like every other afflic- 
hon, bas its uses. Screws and nails hold entirely by fric- 
tion. We are able to walk because the friction between 
(te shoe and the pavement is less than the limiting fric- 
Shoes vrith nails in them are dangerous on cast iron 
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plates, because the limiting friction is small between 
smooth iron surfaces. The friction between leather and 
wood or iron permits of driving machinery by leather 
belts. They should not slip on the pulleys. 

The friction between the driving wheels of a locomotive 
and the rails acts forward to prevent the wheels from slip- 
ping on the track. The effort that an engine can make 
to " pull a train " is limited to the friction of its driving 
wheels on the rails. 

Problems. 

1. Using a lever of the first class, a weight of 50 kgm. placed 
20 cm. from the fulcrum, is to be balanced by a second weight placed 
40 cm. from the fulcrum. Find the magnitude of this weight Ji 5 H 

-y 2. On a lever of the second class, a weight of 30 lb. is suspended 
a distance of 10 in. from the fulcrum; the effort is 5 lb. Find 
the length of the lever. ' 

3. A lever of the first class is 8 m. long, with the fulcrum 2 m. 
from one end. What weight will balance an effort of 20 kgm. on 
the longer arm, the lever being a uniform bar weighing 2 kgm. to the 
metre ? 

[The weight of the lever is to be considered as a force applied at 
the centre of the bar. Calculate its moment, and add it to that of 
the effort.] 

4. A uniform bar 6 ft. long has weights of 22 lb. and 44 lb. respec- 
tively suspended from the extremities. Where must the fulcrum be 
placed to produce equilibrium ? ^.^x- . T «= f' 

[ Represent the distances of the fulcruih from the two weights by 
X and G - x.] 

5. A false balance is one whose arms are unequal. A body was 
found to weigh 12 kgm. in one pan of such a balance and 13 kgm. in 
the other. What was the true weight? . ' 

6. In a wheel and axle the diameter of the axle is 40 cm., to 
which is attached a weight of 200 kgm. The axle is turned by a 
lever 1 m. long. Find the force necessary to secure equilibrium. ;; 
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7. In the capstan of a ship, such as shown in Fig. 37, the diameter 
of thecylioder is 16 in., and theleiigth of the haudapikeiaC ft. What 
force is exerted in raising an anchor that weighs IBOOlh.? J-.-^ '6 

8. In a derrick of the form shown in Fig. 36, a force of 50 Ih, is 
applied to one of the cranks. The crank is SO in. long, the small < 
■wheel, or pinion, has 20 teeth, and the large wheel has UK) teeth. 
The barrel on whicb the rope winds has a diameter of 10 in. What 
will be the teusion in the rope? ,,■ ;^ . , . 

^The circumferences are proportional to the number of teeth.] 

9. Seven pulleys, four fixed and three movable, are connected by a 
single cord. What weight will a force o£ 20 lb, raise, neglecting 
friction and the weight of the pulleys ? 'i^ c '-'-■ 

10. In a system of pulleys, as shown in Fig, 39, there are tjiree 
sheaves in each block. What force will be necessaiy to balance 210 

•I U.j.Lf^ 

A number of pulleys are eqnally distributed between two 
blocks and connected hy one cord, one of the blocks to be fixed. How 
many must there be in each block so that a force of 20 lb, can just 
b^iceaweight of 160 1b.7 .- i.'.._-„, ...<■■ : ■ ' 

12. A force oE 25 Icgm. applied parallel to the surface of an in- 
clined plane, 100 ra. long and 5 m. high, just supports a frictionlesa 
■weij^t. Find the magnitude of this weighL ■ ^ t. iL^,- 

13. An inclined plane is 300 ft. long at the base and its perpendic- 
ular height is 10 ft. What force acting parallel to the baae can just 
support a 500-lb. hall on the plane ? 

^14. A force of 20 lb. applied parallel to a smooth inclined plane 
supports a weight of 30 lb. What is the pressure on the plane 7 
•^JS, A cart weighing 210 tgm. is to be pashed np an inclined 
plane by a force of 15 kgm. If the height of the plane is made 5 ra., 
■what must be the length? 'j a r>^ 

16. A screw of a copying press has five threads to the inch, the 
diameter of the wheel is 14 in., and the force applied is S5 lb. 
Caloulatfl the pressure on the plate. 

17. A weight of hnlt a ton is raised by a jackscrew. What force 
most be applied, in addition to that required to overcome friction, 
if the lever is 1 ft. long and the screw threads are 6 to the inch? 
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18. The wheel at the top of a faucet is 8 in. in diameter and 

^ the screw has 8 threads to the inch. If a force of 8 lb. is i^pHed 

to the circumference of the wheel, what will be the pressure on the 




\.. 



19. What is the efficiency of a machine by which a force of 25 
lb. moving 40 ft. raises a weight of 200 lb. through 4 ft.? ^(fi 

20. The radii of a wheel and axle are 5 ft. and 6 in. lespectively- 
On trial it is found that a force of 100 lb. can lift a weight of 
only 900 lb. In a machine without friction what weight would be 
lifted? What is the efficiency of this machine? 7T6 /i 



CHAPTER ni. 



MEOHANIOa OF FLinDS. 

MOr.ECULAK PHENOMENA IN LIQUIDS. 

iharacteriBtics of a Fluid. — A solid has rigidity c 
ticity of form (§ 14), but a fluid cannot resist a stress 1 
!B8 it is supported on all sidea. The moleculea of a I 
1 are displaced by the application of the slightest force, j 
as therefore only elasticity of volume. Every fluid, 
ever, offers some resistance to change of shape oni 
hunt of internal friction. This property is called f 
nity. Viscosity varies through wide limits, being ] 
e, for example, in tar and very small in hydrogen gaa. 
trffct fluid would be one entirely without rigidity and 
ositv. 



14. liquids and Oases. — Fluids are divided into liquids 
gases by means of two distinguishing properties: — 
VVi(, liquids, such as water and mercury, are but slightly 
ipressihle, while gases, such as air and hydrogen, are ■ 
bly compressible. A liquid offers great resistance to | 
sea tending to diminish its volume, while a gaa offers 
tively small resistance to reduction of its volume, 
h have perfect elasticity of volume, but the measure of 
le elasticities differs widely. Water is reduced 0.00005 
iSrolume by a pressure of one atmosphere <§146), while ' 
£redaced 0.5 of its volume by the same pressure. 
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Second, ga»ee are distinguished from liquids by the fact 
that any mass of a gas introduced into » closed vessel 
always completely fills it, whatever its volume. A liquid 
has u bulk of its own, but a gas has not. This second 
characteristic may be regarded as a corollary of the first, 
since a gas expands indefinitely as the pressure on it 
decreases. 



115. Cohesion in Liquids. — If a clean glass rod be dipped 
■nto water and then withdrawn, a drop will adhere toUiB, 
end of the rod. If enough water runs down the verticil ' 
rod to enlarge the drop sufficiently, its weight will tear it 
away from the rod, and it will fail as a little sphere of 
water. 

If by means of a pipette a large globule of oil be placfld 
in a mixture of alcohol and water, the mixture having thfl 
same mass per unit volume as the oil, the globule of ffll ■ 
will assume a spherical form, because the influence rf 
gravity on it is eliminated, and it will float anywhere il! 
the mixture. 

In both cases the spherical form is due to the cok^fA 
between the molecuUs of the liquid. Cohesion in a liqvH^. 
the attraction existing among its molecule* (_§ 17). 



116. Surface Conditions of a Liquid. — Experiment. — Flaw 

Bewing needle on tlie surface of clean water. li carefully done, '^ 
needle will float. On close examination it will be seen that the bM" 
face of the water round the needle ia depressed, the latter reatii 
little hollow large enough to hold perhaps four such needles. If tlU 
needle ia forced below tlie surfajje, it will at once sink. 

Experiment. — Float two wooden toothpicks on water, placing th 

parallel and septirated by a few millimetres. Let a drop of aloo 

on the water between them, and they will suddenly fly apart. 
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The needle indents the surface of the water as if the 
iBnrface were a tense membrane or akiu, and tough enough 
[to support the needle. The second experiment indicates 
Ithat this membrane is stretched, the effect of the alcohol 
ji>eing to weaken it between the toothpicks, thus permitting 
Fthe parts to separate through the superior tension of the 
[Jiortions outside. 

, Experiment. — Spread a thin film of water over a very clean glass 
iplate, and touch it with a drop of colored alcohol on a glass rod. The 
jslcohol makes a weak spot in the film. It breaks, and the tension 
(ftround it draws the water away, leaving a dry area about the alcohol. 

' 117. Surface Tension. — The surface of a liquid is physi- 
Ically different from the interior. The molecules compos- 
fing the surface are not under the same conditions of 
nquilibrium as those within the liquid. The latter are 
[attracted equally in all directions by the surrounding mole- 
icoles, while those composing the surface layer are attracted 
downward and laterally, but uot upward. The result is 
([that this surface layer is compressed and tends to contract. 
'jThe contraction means that the surface acts like a stretched 
fmembraoe, and, hence, when it is curved it exerts a pres- 
inre toward the centre of curvature. 

By reason of this surface tension the surface, always 
sontracts so that it shall be as small as possible. Liquids 
small masses always tend, therefore, to become spherical, 
loe the surface is then the smallest that will enclose the 
iven volume. Tears, dewdrops, and drops of rain are 
this reason spherical. Surface tension rounds the end 
f a glass rod or a stick of sealing-wax when softened in a 
!ame. It also breaks up a small stream of molten lead, 
id molds the detached masses into spheres, which cool as 
ley descend, and form shot. This is only another way 
that the spherical form is due to 
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118. FurtliflrlUiutratioiu of Surface Teanon.—Expeniiieiit- 
Mftke a nni; ^ ur 10 cut. iii tlinineter, of stout iron nire, witb a lup- 
portiog handle. Tie to tbisaloop 
uf thread, so that tiie luop luaj 
hang near the middte of the tmg 
(Fig. 48). If now the ring 
dip[«d iuto a soap solutioi], W' 
film i» formed across it, tliuloof 
of thread will spritig out into 
circle when the film inside tit 
loop is carefully broken by 
ing a hot wire through it. The 
tension in the film puUf 
If the ring be tilted, the circle wiQ 

ExpMiment. — Blow a soap bubble on the wide end of a tbilQe^ 
Hold the other eod of Ibe tube cUee to the flame of it cairfl*- 
I The bubble, which has btilh an outer and an inner surface film, wBl 
contract and driTe a onrrent of air through the tube with perfuSl 
sttlficient force to extinguish the flame. 

Espeiiment. — Place some fr^nients of campbc 
leala: The caiophor dissolves unequall; at different points and ^ 
duces an uueqnal weakening of the film. This causes the partioW 
of camphor U> more about in the most erratic manner. 

An interesting modification of the above experiment 
to intike a miniature tin or wooden boat, having a not^ 
out in the stern, 
in which rest^ a 
bit of camphor 
gura (Fig. 49), 
The camjjhor 
weakens the ten- 
sion astern, and the 
tension at tlie bow 
draws the boat 
I onward. 
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*- In all experimentB on the surface tension of water, the 
care should be taken to keep the surface chemically cleani 

htest trace of oil, or a touch with a greasy finger, will often 

failure in the experiment- 
Capillary Phenomena. — The first phenomenon of 

1 leiisiun to be observed and studied was the rise of | 
in capillary tubes, or those with a fine bore. 

riment. — Support a clean atrip of glass in water. The water ] 
isen to reach up above its level on the glass, making the s 
r it concave upward. If mercury be used instead of wal 
ace is depi'essed and is convex. 

riment. — Support vertically two clean plates of glass inclined 
lall angle (Fig. 50), with their lower edges in water. Tbo ^ 

D which the water rises 
«nt points is inversely 
distance between the 
(.the poiiits; and there- 
I water line is a curve 
in mathematics as a 
liar hyperbola. 

riment — Support ver- 
everal clean glass tubes 

(Fig. 51) of small internal diameter in a vessel ] 
% of pare water. The water will be seen 

I in these tubes, highest in the one of smallest | 

I diameter and least in the one of the greatest. 

H IE mercury be used, instead of water, it will ha 

depressed, the most in the smallest tube. On 
examining the surface of the liquid within the j 
tubes, it is found to be concave upward w 
the liquid rises and convex when it is 



120. Lawfl of Capillary Action. — The 

following laws have been established hy 
experiinent : — 
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I. Liquids ascend in tubes when they wet them^ that is, 
when the surface is concave ; and they are depressed when 
they do not wet them^ that is^ when the surface is convex. 

II. The elevation or the depression is inversely as the 
diameter of the tube, 

III. The elevation or the depression decreases as the 
temperature increases. 

121. Familiar lUastrations of capillary action are numer- 
ous. Blotting paper absorbs ink because it is porous, and 
oil rises in a wick by capillarity. A sponge absorbs water 
for the same reason. The spread of water through a lump 
of sugar is explained in a similar manner. Small objects 
float together on water or cling to the sides of the vessel 
because of capillary action. Water rises around a fine 
wire dipping into it and interferes with its free rotation. 

122. Explanation of Capillary Action. — It has already 
been shown that the attraction of glass for water is greater 

than the attraction of water for 
itself (§ 17). When a solid thus 
attracts a liquid, the liquid wets it 
and rises with a concave surface 
upward. The surface tension in 
a curved film produces a normal 

pressure toward its centre, as shown 

"^ — =^^^^^^=^ in the case of the soap-bubble» 
Z EE--EII^.='E: When, therefore, a liquid rises in * 
F'« 52. giasg ijube (Fig. 52) this nwmal 

force produced by surface tension in the concave film •* 
A is upward. Where the surface is level at C and Ji 
there is no curvature, and the surface tension has no effect 
on the level of the liquid. The liquid therefore rises ^ 
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BTich a level in the tube that the pressure of the liquid 
ilumn AH downward just equals the resultant normal 
force of tlie film upward. When the liquid does not wet 
the tube, the normal pressure of the film ia downward, and 
for equilibrium this must be counterbalanced by pressure 
of the liquid on the outside. 

11. PRESSURE IN FLUIDS. 
123. Laws of Fluids. — There are three fundamental 
principles of pressure in fluids which may be called the 
laws offiuida : — 

I. Fluid pretsure is normal to any surfar-e on which it acts. 

II. Fluid pressure at a point in a fluid at rest is of the 
lame intensity in all directions. 

III. Pressure applied to a fluid from, without is trans- 
mitted undiminished in all directions. 

Fluid pressure is measured by the force exerted per 
anit area. 

The pressure at a point is eatunated by supposing the 
pressure equal to it to be exerted uniformly over a unit of 
Mea. The force on unit area is called the pressure at 
"the point. 

184. Pascal's Principle. — The first of these laws is a 
consequence of the mobility of a fluid. It exhibits no 
friction at rest, and therefore yields under any force not 
formal to its surface. If at rest, therefore, the resultant 
lorce on it at any point is normal to the surface. 

The other two laws are included in Pascal's principle 
w the equal transmission of pressure in all directions. 
A solid transmits pressure only in the direction in which 
"'6 force acts ; but a fluid transmits pressure in every 
"Wction. Hence Pascal's law : — ^^1 
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Presture applied to anif area of an enclosed fluid w trat» 
mitted in all directions and mthout diminvi^ 
to euery part of the fluid and of the interior of 
the containing vessel. 

This is the fundamental law of the meehaniofl 
of fluids, and it applies to both liquids and 
gases. It waa firat enunciated by Pascal in 

less. 

125. IllTiitration8,—KxperimeBt. — Fit accurately to 

the mouth of a thin-walled piot bottle a close^rained 
oork (Fig. 53). Fill the bottle full of water, and theu 
force in the cork by pressure, using a lever if aeaemr}. 
The bottle will probably break. Kxplaia. How could 
the bursting force be estimated? 
Expeiiment — Glass-Mowers make a form 
of syritige which is attached to a hollow 
sphere provided with several small openings 
distributed over its surface (Fig. 54). Fill 
the apparatus with water, and force the 
piston into the cylinder. Tlie water will 
escape in a aeries of jets of apparently equal 
velocities, though only one of these jets ia 
in direct line with the piston. 

Experiment. — Fit a glass tube to a toy- 
balloon. Blow air into the tube ; the bal- 
loon will swell out equally in all directions, 
showing equality of pressure. 

126. The Hydraulic Prew. — An 

important application of Pascal's 

principle is the hydraulic press, a 

machine employed for exerting great pressure, as in »l*i 

ing hay and cotton, making lead pipe, and lifting heatf 

masses in Bessemer steel mills, locomotive works, and(*i 

warships, lb was invented by Bramah in 1795, and K 
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irn in section in Fig. 55. Two heavy metal cylinderg 
couneoted by a strong tube _B". A cast-iron piston 
es water-tight through the collar n of the large cylin- 
; while in the smaller cylinder, the piston p \s worked 
md down as a force pump (§ 160), and pumps water 
1 a reservoir at the bottom and forces it through the 
jito the cylinder B. When the plunger p of the 
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ap is forced down, the liquid in the machine transmits ' 
pressure to the base of the large piston or ram, which 
arced up with its load. If the cross-sectional area of 
plunger of the pump is a and the downward force on 

P 

P, then the pressure on the water is — . This prea- . 

« / 

I is transmitted to the cylinder S, and a pressure — acts I 

act unit of surface of the base of the ram. If the area 

he base is A, the total upward force, W, exerted on it 

LP 

— ' Hence, the mechanical advantage is 
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I;i{ J) is the diameter of the ram and d that of the pluugei 
Klf, for example, the diameter of the larger piston ia 25 cm. 
■.and that of the smaller oue 5 cm., then the force P applied 

B multiplied -^ = 25 times. 

This machine conforms to the principle of work, for it 
Is evident that the small piston moves as many timea 
farther than the large one as the force exerted by the 
large one is greater than the effort applied to the small one. 

127. Fresenre due to Gravity. — The weight of each layer 
of a liquid is transmitted to every layer at a lower level. 



ns7 
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Fig. se. 



Experiment. — Grind to a true plane one end of n cylindrical Ian 
chimney till a metal disk olosea it water-tight, Suspend the disk bj 
cord from one end of a aoale beam and counterpoise it (Fig. 58). % 
place, say, 200 gm. on the scale pan and pour water into the oylini 



SASICS OF FLUIDS. 

vaiSl its preBsure detaches the disk, and mark the depth. Bepeat the 
e^Mriment with 400 gm. on the pan. It will be found thai the depth 
of the wftter when the disk is detached is twice as great aa before. 

Hence, the downward pressure of a liquid is proportional 
to the depth. 

Esperiment. ^With the apparatas of the last experiment it is 
found that with a given weight on the scale pan a fixed depth of 
water ia necessary to detach the diak. Use a heavier liquid, such as 
a, saturated solution of commoa salt. Determine its density (§ 144). 
Find the weight in the scale pan at which the disk is detached for the 
same fixed depth ot liquid as before. It will l>e greater than with 
vater in the same ratio as the density is greater than oiie. 

Hence, the dotvnward pressure of a liquid is proportional 
to its d 



128. Presanre ataPoint. — Esperimont. 
— Bend three glass tubes into the J-forma 
shown in Fig. 57. Each one has a long and 
a short arm. The short arms are of equal 
length and are bent so as t« open in 
different directions^ upward, downward, 
»nd sidewise. Place the same depth of mer- 
cury in each tube. Now lower them into a 
tall jar filled with water. When the open- 
ings of the short arms are all as nearly as 
possible at the same point, the change of 
mercury level is se«n to be the same in each. 

Hence, the pressure at a point in a 
li^id is the same in all directions. 

It is immaterial whether this pres- 
sure ia due to the weight of the 
liquid or ia applied from without. 
The equality of pressure in all direc- 
tions is a consequejice of the equal 
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transmissioo of pressure in all directions. The absence of 
currents in a vessel containing a liquid of uniform tem- 
perature demonstrates tbis principle, sioce any unbalanced 
pressure would produce motion in the liquid. 

129. FreBsnre Independent of Shape of Vessel —Eiperiment.— 

Uaing giicctsaively Pascal's vases, vessels differing in shape but baring 
equal bases (Fig. 58), it will be found that with a given weight in 

the scale pan, the diak will be detached I 
when tbe depth of water is the same in | 
each caw, notwithstanding the difierence 
in amoant of water used. 

Therefore, the pressure on the 
bottom of a vessel, or the dovntuiari 
pressure, is independent of t\t 
shape of tJie vessel. The apparent 
contradiction of unequal masses o£ 
water producing equal pressures 
is often known as the hydro»ta&^ 
paradox. 

130. Total Pressure on any Sbk— 
face,— Since liquid pressure d^»- 
Fis- SB, penda on the depth and the deiisit?3 

of tlie liquid, we may calculate tta*. 
pressure on any horizontal area as follows : — 

Let A denote the area pressed upon, H its depth, and 
the weight of the unit of volume. Then the whffl* 
pressure on this area will be 

P = AHd. 

In the metric system, d for -water is 1 gm. per cubic oentS' I 
metre. (For other liquids, consult Table of Denaitiee in I 
the Appendix.) In the English system, ^2 is 62.4 lb. pef I 
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cubic foot for water. For any other liquid, imiltiply by 

the specific gravity (§ 141) of the liquid. 

Hence, the total pressure of a liquid on any horizontal 

mirface is equal to the weight of a column of the liquid whose 

'vise is the area pressed upon, and whose height ia the depth 

of this area below the sutface of the liquid. 

1 The pressure on any immersed surface, whatever its in- 

|«liiiation, is found by computing the pressures on all the 
elementary areas and adding them together. The result 
ia expressed as follows : — 

The total pressure of a liquid on any immersed surface is 
equal to the weight of a column of the liquid whose base is 
tile area pressed upon, and whose height is the distance of 
the centre of figure, or the centre of gravity, of this area 
below the surface of the liquid. 

131. Surface of a Liqnld at Best. — The free surface of a 
jliquid under the influence of gravity alone, is horizontal. 
If it were not horizontal, then the weight B W (Fig. 59) 
k*f a particle of the liquid 
mrface would have a com- 
ponent BC tangent to the 
surface of the liquid. Since 
the air pressure on the sur- 
face is everywhere the same, 
*^ere is no hydrostatic pres- 
sure to resist this force ; and 
*8 there is no friction of rest 

IB a liquid, the particle B would move. Wlien the 
Wrface is level, £0 vanishes and there is no motion. 
Even very viscous liquids assume a horizontal surface in 
Worse of time. 

lea or any large expanse of water is a part of the 
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spheroidnl surface of the earth. When one looks with 
field glass at a long straight stretch of the Suez Canal, 
the water and the returning wall may be plainly seen to 
curve over in a vertical plane. 

182. Liquid in Commiinicating Tabes. — In Fig. 60, tubes 
of various shapes open iato a connecting horizontal arm 
attached to the jar on foot. If 
ored liquid be poured into the jar, it. 
will rise to the same level in all the 
tubes. There is then equilibrium, lie- 
cause the pressures on the oppoaitt 
sides of any imaginary cross-section 
of the liquid in the connecting tube 
''''■"'■ are equal, since they are all due W 

liquid columns of the same height. Liquids are therefore 
said to "find their own level." The water supply rf 
towns depends on this principle. When the water is 
pumped into a reservoir on a height, it is thence distributfti 
everywhere by its own weight. 

133. Superposed Liquids in Equilibrium. — If several liquio^ 
of differejit densities (§ 140j be placed in a vessel, with tb^ 
heaviest at the bottom, and the others in 
order to the lightest at the top, they will 
show horizontal surfaces of separation, 
especially if no two in contact mix readily. 
Figure 61 shows mercury, water, oil, and 
alcohol with well-delined surfaces of 3ep;i- 
ration between them. The contrast will 
be the more striking if the water and the 
alcohol are colored with an aniline dye. 
if a small iron ball be dropped into the 
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Jar, it will settle down as far as the mercury and float 
there. In a tidal river the salt water fldws up underneath 
the fresh water, which floats on top. 

Experiment. — Place an egg in fresh water in a tall jar. It will 
sink to the bottom. Some atrong brine may then be poured down a 
glass tube to tlie Iwttom of the jar. It will remain imderneath the 
tresh water, and the egg will be seen suspended at the surfai* of 
Mparation at the top of the brine. 



1, When a soap bubble bursts what beconies of the film? Have 
I yon ever noticed the spray from the bubble? 

Why IB a dam across a streant made thicker at the bottom 
than at the top ? 

8. A oylindrical vessel full of water is provided with two faucets, 
one half-way down the side and the other at the bottom. Out of 
which will water flow with the greater velocity? Why? 

4. Why is a water pipe of a city's water system more likely to 
torat in that part of the city where the pipes are lowest? 

5. What is the distinguishing or defining characteristic of a 
id? 

6. Why will a shallow dish whose bottom is made of a fine-meshed 
n cloth float on water ? 

V, The diameters of the cylinders of a hydraulic press are 8 in. 
Wd 1 in. respectively. What is the pressure on the larger piston 
irhenaforce of 1001b. is applied to the smaller piston? ^, ^^ ' 

8. A hydraulic lift carries a weight of 10,000 lb. If the piston 
wpporling the lift be 10 in. in diain-eter, what pressure per square 
"Kb will be necessary to sustain it ? '■'/, 3 ■/ 

9. A tank, 5 ft. deep and 10 ft square, is filled with water. What 
'" be the pressure on the bottom 7 What on one side ? 

-4 lit* 
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10. If the water is :^0 ft. deep ftt it dam, what nill be the horizont 

preasurt agaiiiBt a reutaugulnr portion ol the dam 10 ft loDg? ' 'i- ■* 

11. A pliiiou, 1 sq. ft. in area, is pushed along by water-presBore d 
to a, \iea<\ of 200 ft. What will be the total pressure on the piston? 

["Head" means "heijjht."] 

12. A cylindrical glass vessel is S cm. in diameter and i 
high. Compute the lateral pressure when the Teasel is filled vitb 

[A cm', of mercury weighs 13.6 gm.] 

13. How high must the reaerroir of a city's water system be abors 
any point to produce a pressure of 50 lb, per square inch at tbit 
point? . I -. ■ /, 

14. A rectangular board 6 ft. long, 1 ft. wide, and I in. thick i* 

submerged in water. Its position in the water is horizontal, faos op- 
ward, and 10 ft. below the surface of the water. What is the up- 
ward pressure on the under surface of the board? * T^ j'^i 

15. A cubical vessel is filled with water. Show that Hie total 
pressure on all its faces is throe times the weight of the water i 
contains. 

16. A cubioal block 10 cm. on one edge is snbmerged in water ti 
the top face is 100 cm. below the surface. Calculate the total pi" 
sure on the six faces, i-v'' ■ f ■ . ' ,, ■- -,.-' >j ^ f 0. 

■■ ■'■ ■' . . VI V*' 

17. A vertical tube has a crosfrseclional area of 1 cm'. Hi*' 
filled witli mercury to a depth of two metres, what is the.pressute ? 
BijUiire centimetre at the bottom ? 

IS. When a pressure gauge was applied to a water pipe in abn"* 
ing. it was found to register 52 Ih. per square inch. How highj 
column of water would be required to produce this pressureT ' 

19. A cylindrical tank 10 ft. high and 10 ft. in diameter isf*^ 
of water. Compute the total pressure on the bottom andj o» i 

.id.. •> ■ ^ 

20. What will be the presaure per square foot at the deptlti 
5 mi, in the ocean, sea water being 2^ per cent heavier thai 

u»ater7 '. i^ - ■ > W^ ^ 
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III. DENSITY AND SPECIFIC GRAVITY. 
134. Buoyancy. — A marble will sink in water, but will 
Boat on mercury. A piece of oak floats in water, but a 
piece of the dense wood known as " lignum vitee " sinks. 
An egg will sink in fresh water and float in brine. 
^hen a swimmer wades up to his neck in sea water, he 
is nearly lifted off his feet by the water, which buoys 
him up. 

I Experiment. — Suspeud a weight by a string from the hook o£ a 
I spring balance and note the reading. Mow submerge the weight 
' ia water. The index reading will be less. If salt water be used, 
I the apparent loss of weight will be greater; if kerosene, it will be 



Experiment. — ISalance two half-kilogrararae weights by a silk string 
ar an easily running pulley, and bring a beaker of water under oiie 

ot them. On lifting the beaker, the weight wiU not enter the water 

and remain immersed, but will rise to the surface. 

These experiments show that the resultant pressure 
trf a liquid on a body immersed in it is a vertical force 
upward, and it counterbalances a part or the whole of 
Sie body's weight. This resultant upward pressure of a 
liquid is known as its buoyancy, 

136, The Principle of Archimedea. — The law of buoyancy 
wag discovered by Archimedes about 240 b.u. while attempt- 
"igto determine the composition of King Hiero's crown. ^ 
It IBM follows: — 

A body immersed in a liquid is huoi/ed up hy a force equal 
Uthe weight of the liquid displaced hy it. 
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' Let a cube be imraersed in water (Fig. 62). The pres- 
sures on tlie vertical sides a and 6 are equal and in opposite 
directions. The same is true of 
the other pair of vertical faces. 
There is therefore no resultant 
horizontal pressure. On d there 
is a downward pressure equal 
to the weight of the column of 
water having the face <2 aa a 
base and of a height dn. On 
e there is an upward pressure 
which is equal to the weight of 
a column of water whose base is the area c, and whose 
height is en. The upward pressure therefore exceeds tbe 
downward pressure by the weight of the prism of waWt 
whose base is the face e of the cube, and whose height is 
the difference between dn and en, or cd; and this is th6 
weight of the volume of water displaced by the cube. 

136. Experimental Proof. — Eiperfment— A metallic cylto^ 




m. long and 1.9 cm. in diameter has a volume of 10 c\ 
Suspend it by a fine thread from one of the arms 
of a. balance (Fig. 63), and counterpoiae. Then 
place a vessel of water under it bo that the cylinder 
is completely anbmerged. The equilibrium will 
be destroyed, and may be refltored by placing a 
lO-gramme weight in the pan above the cylinder. 
Since the cylinder displaces 10 cm', of water 
weighing 10 gm,, and loses 10 gm. in weight when 
submerged, it follows that tlie body is bnoyed np 
by a force equal to the weight of the water dis- 
placed. The resultant fluid pressure on a body of 
fised volume immersed in a given liquid is the 
same whatever its substance. It depends on its 
KVolume only. 
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137. The Cartesian Diver. — Descartes illustrated the 
principle of Archimedes by means of a grotesque figure, 
since called a Cartesian diver, or a bottle imp. It is made 
of glass, is hollow, and the tail has a small 
opening at the end. The figure is partly 
filled with water so that it just floats in 
a jat of water (Fig. 64). When pres- 
sure ia applied to the sheet of rubber tied 
over the top of the jar, it is transmitted 
to the water, more water enters the imp 
through the tail, and the air in it ia com- 
pressed. Tlie imp then displaces less water 
and sinks. When the pressure is wil 
drawn, the air in the diver expands aud forces 
water out again. The displacement is then 
increased and the figure rises. The water 
in the diver may be so nicely adjusted that the little figure 
will sink in cold water, but will rise again when the water 
has reached the temperature of the room and the air in 
the figure has expanded. A good substitute for the diver 
is a amal! homceopathic vial in a fiat 12 oz. prescription 
bottle with rubber stopper. Press on its flat sides. 

138. Equilibrium of Floating Bodies. — When a body is 
iminursed in a fluid, it may displace a weight of fluid leas 
than, equal to, or greater than its own weight. In the 
first ease, the upward pi'cssure will be less than the weight 
of the body and the body will sink. In the second case, 
the upward pressure will equal the weight of the body 
*°d the body will be in equilibrium, remaining in the 
liquid wherever placed. In the third case, the upward 
ire will exceed the weight of the body, and the body 
till these forces become equal. In liquids the 
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buoyancy is practicaUy independent of the depth ao long 
U8 the body is wholly immersed, but will decrease as soon 
as it Iwgiiis to emerge from the liquid. Hence. 

When a body floats on a liquid it ginks to such a depth 
that the weight of the liquid displaced equals its awn toeiffht. 

The weight of a body acts vertically downward, and the 
resultant pressure of the liquid acts vertically upward 
through the centre of gravity of the displaced liquid, 
which is called its centre of huoyancif. These two forces 
must be equal, and in the same vertical line for equilibrium. 

139. Eqailibrinm of Floating Bodies Demonstrated. — Ezpni- 
meat. — Make a wooden bar '2i} cm. lung and exactly 1.5 cm. aqiuut- 
Bore a hole in one end and fill with enough shot to give the bar a tcf- 
tical poflitioD when flouting, nith nearly its whole length in witei. 
Fill the pores of the wood with hot panidin. Grsiduate the btirin 
millimetres along one edge. Find the weight of the loaded bur in 
grammes, and then observe the length of the bar immersed irfm 
it floats in a toll jar of water. Calculate the immersed volniM m 
cubic centimetres. This will also be the volume of water displModi 
and since one cubic centimetre of water weighs 1 gm., we h»V8 6* 
meaBurB of the buoyancy. It will be found very nearly equal to ft* 
weight of the bar and shot. Hence, a Jloatirig body displaces tB *•* 
taeighl of Ac suilaininij liquid. 

140. The Density of a body is the number of units n 
mass of it contained in a unit of volume. In the meWM 
system it is the number of grammes per cubic centimetre' 
If m denotes mass, v volume, and d density, thea 

d =—, v = —, and m = vd. 



The Specific Gravity of a body is the ratio of '&A 

iSB of any volume of it to the mass of the same volomfl 
' pure water at 4" C. Specific gravity is, therefore 
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only the relative density as compared with water. It ia 
also evident that the specific gravity of solids and liquids 
is numerically equal to the density when expressed in 
grammes per cubic centimetreB, since the density of water 
is then unity. 

Let m be the mass of a body and m' the moss of an equal 
volume of the standard, as water. Then the specific 
gravity * = — and m = m's. If the mass m' of water is 

expressed in pounds and its volume v in cubic feet, then 
m' = V X 62.4, and m = y X 62.4 X ». 

Since the density of water in the C.G.S. system is 
sensibly unity, there is no occasion to use the term specific 
gravity unless the mass aud volume are given in some 
other system of measurement. 

142. Density of a Solid. — To find the density of a body 
it is necessary to know its mass and volume. Its mass is 
ascertained by a balance. The most accurate and con- 
venient method of obtaining the volume ia furnished by 
Archimedes' principle. The buoyant effort of a liquid 
equals the difference between the weight of the body in 
air and its weight when immersed in the liquid. This 
difference is the weight of a volume of the liquid equal to 
that of the body. Hence, if this difference be divided by 
the density of the liquid, the quotient will be the volume 
^^he liquid and also that of the body. The mass divided 
tis volume will be the density. 

r»ter is the liquid generally used, and in the metric 

its density is sensibly unity. If the solid is soluble 

then a liquid of known density, in which the 

is not soluble, must be used. 

case the solid is lighter than the liquid, a sinkei: 
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n 



Bufficiently heavy to sink the body must be employed. 
By subtracting the buoyant effort on the sinker from the 
buoyant effort on both, the weight of the liquid displaced 
by the given body is obtained. Then by proceeding as 
the first caae, the density of the bttdy can be computed. 



r than waler. 
10.5 gm. 



143, Esamplfis. — Firat,J^ra baiy h< 
Weightof body in a^ir . 

Weight of body i[j wiiter . . 6.3 gm. 

Weight of wat«r displaced . . 4.2 gm. 

L Since tha density of water is 1 gm. per cubic centimetre, 
felunie of the water displat.'ed is 4.2 cm*. This is also th^-roliime at 
e body. Therefore, 10,5 + 4.2 = 2.5 gm. per cubic eentimetreis the 
rity. The specific gravity ifl the ratio 2.B. 

Second, for a body soluble in waler. Suppose it b inmlablt iB 
Bobol, the density of which is 0.8 gm. per cubic centimetre. 

Weight of body in air . . . 4.8 gm. 

Weight of body in alcohol . . 3.2 gm. 

Weight of alcohol displaced . . 1.6 gm. 

, The volume of alcohol displaced is 1.6 -»- 0.8 = 2 cm». This fa ti"' 
I volume of the body. Therefore, the density of tiie body " 
= 2.4 gm. per cubic centimetre. Its specific gravity is 2.t 

. Ihirdt/or a bodi/ tighter Ihanuyater. 
Weight of body in air . 
Weight of sinker in water 
Weight of body and sinker t 



4.8 gm. 

10.2 gm. 
water 8.4 gm. 



f The combined weight of the body in air and the sinki 

" " + 10.2 = 15 gm. But when the body is attached to 
iter, their apparent combined weight is only 8.4 gm. 
e buoyant effort on the body is 15 - 8.4 = 6.Q gm.. and this is ' 
rwght of the water displaced by the body, and hence ita voll ~' 
The density is then 4.8 -;- 8. a = 0.73 gm. per cubic 
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144. Density of Liquids. — Firxt, by the specific gravity 
title. With liquids, as with solids, the chief feature of 
le problem is to ascertain the volume. The simplest 
lethodia by the use of the specific gravity 
7ttXe, This bottle ia usually made to 
old a definite amount of distilled water 
t a specified temperature, as 25, 50, 100, 
r 1000 gm. at 15" C. (Fig. 65). To use 
b, find the mass of the bottle when 
impty and when .filled with the given 
iquid. The difference of these masses 
(rill be the mass of the liquid, which, 
livided by the volume of the bottle, will 
36 the density. 

To check the volume of the bottle, weigh it filled with' 
ice-cold water and subtract its mass when empty and 
liy. The difference will be its volume in cubic centi- 
Qetrea. The stopper is a ground capillary tube for con- 
■enience in filling completely. 

Second, by a glass sinker. Weigh a glass sinker in air 
Qd then in the liquid. The difference will be the mass 
E the liquid displaced by the sinker. (Why?) Then 
'eigh the sinker in water ; the loss divided by the den- 
'ty of water will be the volume of water displaced by the 
^Dker, and hence the volume of the liquid whose mass 
■"W been found. Divide the mass of the liquid displaced 
'y the volume displaced and the quotient will bo the 
Uusity. 

Third, the hydrometer ^Jtethod. The common hydrometer 
W Usually made of glass and consists of a cylindrical stem 
**d a bulb weighted with mercury or shot to make it float 

Tettically, Within the hollow glass stem is a scale grad- 
1 soms arbitrary manner or by trial, the zero beings 
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the [loint to wliioti it sinks iu distilled 
water at either 4° C. or 60° F. Tltt 
mark to which the instrumeat sinlu ia 
tlie liquid under test determines &» 
density, either directly or by referrii^ 
to an accompanying table. Theee in- 
struments are often provided with a 
thermometer in tfje stem (Fig. 66), to 
give the temperature of the liquid d, 
the time of taking the density. 



1. Which has the greatest buoyant fcw*' 
wat«r, olive oil, or alcohol? Why ? 

2. A bottle imp adjusted to float in «>>^ 
sinks if the temperature of the water faUt 
Explain. The addition of common salttoto 
■water may cause the imp to rise. Why V 

J inignd 



h'ater line oa a loaded veBsel higher 



3. Why is the ■ 
lake than for the c 

4. Why should a life preserver be attached to the body as neW ** 
the shaulders as pofisible ? 

n a beam balance ^ 



a pound of lead be counterbalanced o 



quantity of feathers, i 
Esplai 



8 00 gm. 



6. A body i 

density. ' 'j .J-. ■■.:, 

7. A solid weighs 100 gro. in : 
density ia 0.8 gm. per cm*. What i 
gravity? 



,i' 



ir and CO gm. in a liqaid «- ^^ 
its density? What ia its spefli* 



i 



8. An empty apecifie gravity bottle weighs 15 gni. ; when filw 
with water it weighs 65 gm., and when filled with glycerine 78^ 
the density of the glycerine? 



J 
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9. A glass stopper weighs 150 gm. in air, 90 gm. in water, and 43 . 
gm. in Bulphoric Eu:id. Calcalate the density of the acid. f • ^ o*i-> 
. "10. If a. cubic centinietre of ivory weighs 0.82 gm. under 'water, 
what does it weigh in air? What is its density? ' £ J f'v,-- '-''**' 

11. A cofk weighs 5 gm. in air; with a sinker attached and both 
nnder water the weight is 71 gni. ; the ainfcer alone weighs in water 86 
gni. Calculate the density of the cork. ' J. C' C-i-.'-^ o-m- 

12. A brass ball weighs 117.6 gm. in air. The density of brass is 
8.4 gm. per cm'. Wiieu submerged in water what will be the buoy- 
ant force ? 1 1_^ r. , 

/13. A piece of zinc weighs 35 gm. in air and 30 gm. in water. 
What will it weigh in alcohol with a density of 0.8 gm. per cm'.? .^ J fV 

14. If the density of sea water is 1.025 gm. per cm'., and that of 
ice is 0.9 gm. per cm'., what fraction of an iceberg floating in eea 
water is under water ? 

'ind the weight of sea water displaced by 100 cm', of ice.] 

15. A piece of stone weighs 10 oz. in air and 6 oz. irv water. Cal- 
culate its specific gravity. . J) ■ J 

16. A silver spoon weighing 21.12 gm. is suspended by a cord from 
one scale pan of a balance. Find the tension in the cord when the 
epoon is submerged in water, the specific gravity of silver being 10.56. 

17. Compute the weight of an iron ball (sp. gr., 7.7) 2 in. in 
dJameter. [See § 141 and Appendix IV.] 

18. A piece of walnut wood weighs 120 gm. in air and 215 gm. in 
Tater with a sinker attached. The sinker alone in water weighs 2TS 
gm. Find the density of the wood. , .;, h'j :, ■, "-i •-- 

19. Compute the weight of a copper bar (sp. gr., 8.8) 1 sq. in. 
in crosa-«ectio!i and in. long. ' .? '', 

20. A hollow brass ball weighs 1 kgm. What must be its vol- 
it so that it will just float in water ? 

I cube 10 cm. on each edge (sp. gr., 7.7) is suspended 
if a balance so that three-fifths of its volume is niiJer 
What weight on the otlier arm of the balance will just 
t the cube? 



f 
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22. If a force of 750 gm. is required to support in water a man 
whose weight in air is 75 kgm., what is the man^s specific grayity? f'^' 

23. A litre flask, weighing 75 gm., is half filled with water and 
half with glycerine. The flask and liquids together weigh 1205 gm. 
Find the specific gravity of glycerine. • * d ' 

•24. If a body floats half submerged in water, what part of its 
volume will be submerged in glycerine ? 

IV. PRESSURE OF THE ATMOSPHERE. 

145. Air has Weight. — Experiment. — Attach a stopcock to a 
thin copper globe, such as plumbers use for a float. Suspend from 
the scale pan of a balance and counterpoise. Then exhaust the air 
from the globe (§ 151) and hang on the balance again. It will be 
lighter than before. Open the stopcock; the air will rush in and the 
equilibrium will be restored. Compress the air in it (§ 155) and 
weigh again. It will now be heavier than when the stopcock was open. 

It has been determined that the mass of 1 litre (cubic 
decimetre) of air at 0° C. and 760 mm. pressure of mer* 
cury is 1.296 gm. 

146. The Torricellian Experiment. — In the middle of the 
seventeenth century Galileo was called upon to explain 
why certain pumps erected by the Duke of Tuscany woul^- 
not cause the water to rise more than about 30 feet. H® 
suspected that the pressure of the air sustained a coluiJii^ 
of water of this height, but died without demonstrating* 
it. Torricelli, a pupil of Galileo, first measured tb^ 
pressure of the atmosphere in 1643 by the following" 
method : — 

Experiment. — Select a stout glass tube 80 or 90 cm. long and cloBsd 
at one end. Fill with mercury, close the open end with the finger* 
and invert it in a cup of mercury (Tig. 67). When the finger is i*" 
moved the mercury will settle in the tube a few centimetres, leaving 
a vacuum, called a Torricellian vacuum, above it. This column of Jne^ 
cury AB in the tube is supported by the pressure of the atmosphfln 
on the mercury in the larger vessel at the bottom. 






^^ 
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BioDBtration was completed by Pascal, who found 1 
le height of the mercury was less on the top of a high I 

in Paris than on the 
i; anil that it fell nearly 
!en timet res when the ap- 
is was oarried to the top 
) Puy-de-D8iue, about 
metres high, showing 
le atmospheric pressure 
Ba at that height. 
1 height of the mercurial 
n supported by the 
phere varies consider- 
rom time to time. A 
;rd value of 76 cm. has 
ore been adopted to rep- 

the mean pressure of 
mosphere at sea level, 
iight of the column is independent of the cross-sec- 
■ the tube. Suppose an internal cross-sectional area 
ii'. The volume of mercury supported by the atmos- 

pressure on 1 em*, will then be 76 cm*. The density ' 
■eury at 0° C. is 13.696. Hence 76 cm", weighs 76 
13.596, or 1033.3 gm. At sea level, then, the atmos- 
eierts an average pressure of 1033.3 gra. per c 
9 equivalent to 14.7 lbs, per square inch. Either ia ] 
a pressure of one atmosphere. 

, ninstratioiiB of Air PreaHnre. — Experiment — Fill a tam- \ 

1 of water, cover it with a sheet of paper, and invert (Fig. 68) 
I letting the water escape. The air eserta a, pressure o 
nore than sufficient to support the weight of the water, 
sriraent. — Select two test-tuhes, one wiiler than Hie ' 
mller one should tit the larger one rather loosely. Fill the 
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witb wal«r, insert Cbe amaller one and quickly invert them. 
er escapes, the air-pres«iire will force the smaller tube apwud 

iDto tbe larger one aguost gravity ud 

bold it there. 



Ezpenment. — Fasten a string to a ronnd 
piece of leather. Wet the leather » 
make it pliahle. and press it down evealy 
on a dmootii flat atoue. Tht stone, if not 
too heavy, can be lifted by 
the string, the pressure of 
tbe air keeping the leather 
pressed down on it. 



148. The Mercnrial 
Barometer. — Tiie mercurial barometer, tor 
uieiisuriiig atmospheric pressure, in its sim- 
plest form consists of a Torricellian tube 
about 86 cm. (nearly 34 in.) long, attached 
to a supporting board. A scale, whose zero 
is at the surface of the mercury in the cistern, 
is fastened by the side of the tube, to give 
the height of the mercury column. Torricelli 
suggested that a J-shaped tube be used, the 
short open arm taking the place of a cistern. 
The form shown in Fig. 69 was designed by 
Gay-Lussac. The short arm has a small pin- 
hole near the top for the admission of air. 
The height of the mercury column is given by 
the difference of the readings of two pointers 
on the scales on the right ; for example, if 
the upper pointer reads 78.45 cm., and the 
lower one 4.23 cm., the pressure is 74.22 cm. 
of mercury. Readings must be taken with 
le tube in a vertical position. (Why?) When 
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laceuracy is required, corrections must be made for tem- 
[perature, capillarity, and gravity. 

A good barometer must contain clean mercury, and the 
Imercury must be boiled in the glass tube to expel air and 

moisture. 

149. Barometrio Variatioas. — Since the mercury in the 
tube of the barometer is sustained by the pressure of the 
column of air resting on the mercury outside, any change 
in this pressure will produce a change in the barometric 
reading. Changes of this kind are going on continually 
iftt every place. Certain very slight changes are found to 
be periodic, but the greater changes follow no known 
l&VB. These irregular movements point to corresponding 
flnotuations in the pressure of the air, and consequently 
herald important atmospheric movements. 

150. Vses of the Barometer. — The barometer is a 
faithful indicator of all changes in atmospheric pressure, 
and constant use is made of it by the Weather Bureau in 
[areoaating changes of weather. Experience has shown 
kbat barometric changes are generally indicative of clianges 
In the state of the weather, according to the following 
rules: — 

I. The rining of the barometer indicatei the approach of 
fair weather. 

n. 2%e rapid fall of the barometer denotes the near 
^proach of a storm. 

III. A high, unchanging barometer, indicates continued 
letlUd weat/ier. 

Since the pressure of the atmosphere diminishes with 
the elevation above the surface of the earth, the difference 
n the altitude of two stations may be computed from 
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barometric readings taken at the two places simaltaneously. 
The varioua rules proposed to express the relation between 
the height of the barometer and the elevation above sea 
level are more or leaa arbitrary, but they are used for 
determining the heights of mountains or other places with 

(iiderable accuracy. A simple rule for places near the 
level is to allow 0,1 inch for every 90 feet of aacent. 
■ 



ProblemB, 

1. Wliftt IB the atmoepberic pressure per cm*, whan the bamnetn 
lingisTicni.? [See equation (23).] ( ob(, y^ 

2. What is the atmospheric pressure per squara Inch whco tbi 
'onieter reatjiilg ia 29 in.? 1 U / ^ 
[Find the weight of a cubic inch of mercury.] 

3. Calculate the atmospherio pressure on the top of a lah!a 1 ni> 

square when the barometer reading is 75 cm. 

4. Compute the height in inches of the mercurial barometer when 
tlie atmospheric pressure per square inch is 15 lb, 

5. When the mercurial harometar reads 74 em., what Will be lis 
reading of a glycerine (sp. gr., 1.26) barometer? 

6. If a litre of air weighs 1.29 gm. when the barometer readingil 
7Q cm., calculate tlie buoyancy for a ball 10 cm. in diameter. 

7. 200 cni». of cork are weighed in air (ap. gr., 0,0013) and 

in a vacuum. Find the difference between the two weights. |^i , >k 

B. Calculate in dynes per cm*, the atmospheric pressure when & 
barometer reading is 73.6 cm. 

9. The diameter of a pair of Magdeburg hemispheres (§ 152) U 
in, and the barometer reading is 29 in. What force will be neceaat 
to separate the pair if all the air ia removed from within? 

10. If at eea level the barometer stands at 73 era. and in DenTI 
at 80 era., find the difference in pressure (in gm.) a 
a metre. 
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HSTEUMENTS DEPENDING ON PBESSUEB OF THE AIR. 

151. The Air-pump, as the name denotes, is a device for 
removing air or any gaa from a vessel and depends for its 
action on the fact that gases are indefinitely expansible. 
The first pump was devised by Otto von Guericke about 
1650. 

Figure 70 represents the general appearance of one 
of the best forms made at the present time. Figure 71 
, shows the essential parts in section. A piston P, with ] 
valve S in It, works in a 
cylindrical barrel, communi- 
, eating with the outer aii- by 
a valve Fat its upper end, 
and with the receiver on 
I the pump table by a tube. 
' The valve S' is carried by a 
, rod whicli passes through 
I the piston, fitting tightly 
■ enough to be lifted by the 
piston when the up stroke 
[begins; but its ascent is 
ialmost immediately arrested 
[by a stop near the upper 
of the rod, and the 
piston elides on this rod 
,during the remainder of the up stroke. This allows t 

■ from the receiver to flow into the space belovr the 
piaton. In the top plate of the cylinder is a lever, one 
jend of which covers the valve rod. When the piston 
lies the top of the cylinder it strikes this lever, and 
■er valve, S', is thus closed. In the down stroke 
the valve S opens automatically, and the 
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eiiclosett air passes through it into the upper part of the 
cylinder. The ascent of the piston again tyloses it; and 
as soon as the air is sof- 
ficiently compressed, it 
opens the valve V and 
escapes. Each complet-e 
double stroke of the pis- 
ton removes a cylinder 
full of air; butastheair 
grows rarer with each 
iluubie stroke, the maffl 
leiuoved each time is 
Ou account of the 
tendency of a gas to fill 
the containing veasd, 
irrespective of quantityi 
the removal of all tile 
^ air from the receiver is 

not possible, iililiough we might continually approach & vM- 
uura were it not for the unavoidable mechaoieai defects o£ 
the pump, such as leakage of valves, untraversed apace, etc. 



152. Experiments vith the Air-pump. _ 

amall rubber football half full of air, and 
place it ander a, bell-jar on the air-pump 
table. Exhaust the air from the bell-jar and 
notice tliat the ball expands till it is free 
from all wrinkles. What property of air is 
illustrated ? 

3. The Bladder Glass. Over one eii>l ' 
a, glftsa cylinder tie a piece of bladiJpr ii 
paate a piece of paper (Fig. 72). Pl,i(i(; 
it on the air-pump table and eshauat the air. 
The membrane or paper will break with a 
loud report. Why? 




. FootbaU. Filli 
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RepsBit the experiment with ahe«t-rubber tied 
73). The rubber will be pressed into the 
glass. H the glass be turned on its aide 
the effect is the same. Explain. 

3. The Bacchus Experiment- Select 
two bottles ; fit to 
one of them a, per- 
forated stopper. 
Connect the two 
by a bent tube 
reaching nearly 
to the bottom of 

'"' "*■ each (Fig. 74). 

Fill the stoppered one nearly full of water 
and place them under a bell-jar on the 
air-pniup table. Exhaust the air. Ex- 
plain why the water flows out of the stop- 
pered bottle and then flows back on 
admitting air into the bell-jar. 

4. The Vacuum Fountain. A tall glass 
Teasel is provided with a stopcock and jet- 

l^be. (A bottle fitted with a rubber stop- 
per can be used.) Haring 
exhausted the air, place the 
mouth of the Jet-tube in 
water and open the stop- 
coclt (Fig. 75). Why does 
the water rush into the 
vessel? la it possible to determine 
was not removed? 

5. The Magdeburg Hemispheres. This famous his- 
torical apparatus was invented by Otto von Guericke, 
Burgomaster of Magdeburg. It consists of two ac- 
curately fitting liollow metallic hemispheres, provided 
with haiidles and a stopcock (Fig. 76). Attach the 
apparatus to the pump and exhaust the air. Close 
the stopcock, screw on the handles, and try to pull 
apart. How could it be shown that they are held 
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sure of the atmosphere 
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together by atmoapheric preBsnra? la computing the pressure thgt 
holds them together, which is the surface to be considered, the spheii 
cal surface or the croas-aectionaL area? Whj? 

153. Buoyancy of the Air. — Tlie principle of Archimedes 
applies to gasea as well as to liquids. The resultant pres- 
sure of the atmosphere on bodies in the air is an upward 

force equal to the weight of air dis- 
placed. A body therefore weighs 
1 a vacuum than in the air, 
unless the volume of air displaced 
by it ia the satne as that displaced 
by the weights. 

The baroecope is an instrmneDt 
designed to exhibit the upward 
pressure of the air. A thin holloff 
^'■"' globe is slightly overbalanced by» 

lead or brass weight on a small pair of druggist's bciIm 
(Fig. 77). (A cork sphere may be used in place of tlie 
hollow sphere.) When the baroscope is placed under ■ 
large receiver and the air is exhausted, the hollow sphfiW 
or the cork sinks, showing that it ia really heavier than 
the counterpoise, but ia the air it is buoyed up mM* 
because its volume is greater. Why would this eipfllt- 
ment fail if the globe were not air-tight ? 

154. Balloons. — The upward pressure of the air is utili^s^ 
in balloor.3. A balloon must be filled with a gas Eghtfif 
than air, so that the weight of the gas and of the balloon 
with its car and contents shall be less tlian that of the ait 
displaced. A balloon is not quite filled with gas at flrsli 
but as it vises it expands as the pressure of the air dsf 
creases. Its buoyancy then decreases but little as it ria# 
into a rarer atmosphere. 
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With hydrogen, the ascensional force is about one kilo- 
gramme per cubic metre of gas ; with common illuminating 
^as it is abqut half as great, but the latter is much less 
Wpensive. 

On September 30 and October 9, 1900, two long-dis- 
;ance balloon races were made from Paris in an easterly 
iirection. One of the contestants, Count de la Vaulx, 
ihe winner in both races, reached Russian territory in 
hitb, having travelled, the first time, a distance of 766 mi. 

21 hr. and 34 min. ; and the second time, a distance of 
U93 mi. in 36 hr. and 45 min. The maximum altitude 
reached was 5T00 m., or 18,700 ft. 

The aeronauts testify that when the sun shone on the 
ttaUoon and heated it, the expansion of the gas enlarged 
the balloon and increased its buoyancy, so that it shot yp 
to higher altitudes. It became necessary, in consequence, 
to let out some gas to cause the balloon to descend again. 
In the night, when the temperature fell, the buoyancy, on 
the other hand, decreased. Ballast was then thrown out 
to lighten the balloon and prevent its descent. These 
ftltemate losses of gas and ballast at length exhausted the 
Sftpfteity of the balloon to keep afloat, and it finally de* 
Bcended to the ground. 



1S5. The Air CompreBsor. — If the discharge pipe of an 
lii'-pump were connected to a suitable vessel, air would be 
".feed into the vessel during the action of the pump. Such 
■^uevice would be an air compreasor. Since the valves of 
«e ordinary air-pump will not stand high pressure, a pump 
flosigned as in Fig. 78 is more suitable for compressing 
* giis. The plunger is solid, and in the bottom of the 
lylinder are two valves, one opening inward and the other 
When the piston moves upward, the gas i\ 
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[admitted through the left-hand tube, the valve being 

■ lifted by the pressure of the gas below it. When ^ 
piston descends, this valve closes iifli 
the right-hand one opens, afEordiog 
an exit for the confined gaa. 

This machine is evidently an ur- 
pump when the left-hand tube is 
connected with a receiver, but it i( 
not capable of producing very higH 
exhaustion, on account of the he&Tjr 

J'Talves requued to give it strength for compresBita 

Lpurpoaea. 

156. Applioati(nu. — Both the air-pump and the 

■pressor are extensively used in the arts. Sugar reGnert 

mploy the air-pump to reduce the boiling point of ttn 

Esyrup (§ 337) ; manufacturers of soila water use a ooni' 

feasor to charge the water with carbon dioxide] ii 

meumatic despatch tubes, now extensively employed loi 

»pidly transporting small packages, both pumps are MSt&, 

jhe one to exhaust the air from the tubes in front of till 

closely fitting carriage, and the other to force compi 

■Hir into the tube behind it, so as to propel it with gr»l 

pvelocity. The air compressor is also employed to improi 

Pthe draft of furnaces, to facilitate the ventilation of build 

Pngs and mines, to operate pneumatic clocks, Westinf 

Phouse brakes on cars, and machinery in places difficoli 

Xil access. 

157. The Siphon, in its simplest form, is a U-shaped ta 
I employed to convey liquids from one vessel to another 
I a lower level by means of atmospheric pressure (Fig. 79] 
f To set it in action, the usual way is to fill the tube wit 
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iquid, close the ends, place the shorter branch in the i 



d, and open the cods. 
e liquids in the two 
ils are at different 
s, and the shorter 
dips into the liquid. 

siphon may also be 
ed by suction -, in the 
of corrosive liquids, 
ition tube (Fig. 80) 
tached in a manner 
'event contact of the 
d with the mouth. 

vertical distance of 
highest part of the 
m above the surface 
Lfi liquid in the vessel 
^ emptied equals the 
th of the short arm o£ 

the siphon, 



The flow will continue as long J 





ccL, Fig. 79 J the vertical I 
distance of this highest point above the 
outlet of the tube equals that of the 
long arm. When the outlet is within 
the liquid, the measurement must 
made to the plane of the surface of the ■ 
liquid, as ah, and not to the end of the J 
tube. 

158. Its Action Explained. — Ezpcrlment.- 

Connect a piece of rubber tube to the loDg arm I 
pf a siphoD, so that the length of that arm may 1 
be varied by raising or lowering the end of this i 
the siphon is set in operation, it will be found that the ] 
the outer arm ia lengthened, and will j 
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decrease u this arm is shortened, the flow stopping entirely whan tbe 

arms are of equal length. 

Ezpeiunent. — Make a siphon of the form 
shown ill Fig. 81, where the short aria ie p«- 
vided with a jet-tube opening within a bottle. 
If the length of the long arm ia increased, tiio 
force of the fountain jet within the bottle "iU 



1 




Bxpeiimeat. — Make a glass siphon, tlWrl 
bore of the tube not to exceed 2 mm. in diime^ ' 
ter. Set it in action under a bell-jar on the »i^ 
pump table, with mercury aa the liquid. Wtmt ! 
the air is exhausted froii tbe jar, the flow inthS'' 
siphon wi U stop, but it will resume ou adraissiiH' i 
cjf air. If the pump has a pressure gauge, iloWi 
be shown that the siphon stops when thepiBsnu^l 
of the air in the bell-jar ia not sufficient to mfj 
port a mercury column as high as the b^oftb*. 

The following explanation accords with these expen- 
ments : — 

Let p represent the upward atmospheric pressure at i^^ 
end of the tube d (Fig- 79). The pressure A of the liquid 
in that arm is downward. Hence the resultant prtasure 
acting upward in the tube is p — h. Similarly if h' is tte 
pressure of the liquid in the long arm, then the upward 
pressure in that arm is^— A'. The difference in result 
pressures at the two enda of the arms is therefore the di£E< 
ence betweenjj— Aand^— A', or A'— A, a force acting 
b. Hence the force causing the liquid to flow is mi 
by the pressure of a coluinn of liquid whose height ia 
difference between the lengths of the arms. It folli 
also that the elevation over which a liquid can be siphonei 
cannot exceed the height of a column of that liquid wMolk 
atmospheric pressure will support. 
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' 1S9. The Suction Fninp. — In the suction pump a piston 
1 which there is a valve openiag upward, moves praci 
ally air-tight in a cylinder, at the 
ower part of which is an opening 
itted with a valve v, also opening 
Ipward (Fig. 82). From thiaopen- 
lig a pipe g leads down to a point 
lelow the surface of the water. 
Jnien the piston is drawn upward, 
he valve in it closes by the pres- 
UPe of the air above it, and a 
'ttCQum is formed in the cylinder 
Wlow. The pressure of the a.ir 
111 the tube e opens the valve v, and 
Ine apace between the piston and 
tile water is filled with air under 
Kdiieed pressure. Hence, the pres- 
sure of the atmosphere on the water in the well fori 
*»tfir up the tube to a height cuHicient to produce equdil 
riom. When the piston descends, the lower ^ve 
j'lioBes, while the valve v' in the piston opens and allows tl 
Ni in the apace below the piston to escape. 

It thus appears that each doable stroke uf the pistonj 
ffliDOves some air from the cylinder, while the pressure of 
we atmosphere on the water in the well causes the water 
w rise higher and higher in the pipe. If the piston at 
flie summit of its course is less than 34 ffc, above the 
*ster in which the pipe s dips, the water under atmos- 
[iberio pressure will at length follow the piston to its 
Ugliest point. When the piston again descends, the 
alve v' will open and let the water through. The folio- 
ij «p strokes will lift the water to the level of the spout. 
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I 160. The Force Pnmp. — In this pump (Fig. 83) the piston 
■ solid, a,ud the opening through which the water escapes 
is between it and the lower valve v, aod 
ia closed by a valve v', opening outward 
from the cylinder. The explanation of 
the working df this pump ia simili 
that given for the suction pump. As in 
the latter, the piston p must be within 
34 ft. of the water to be pumped. The 
lieight to which the water can be forced 
in the pipe d depends on the force applied 
to the piston. 

In powerful pumps the water usually 
3863 into an air chamber called the 
Jt^Jf dome. Its object is to give steadiness <X 
flow to the water from the delivery pipfc 
Fire engines and moat pumps operated by steam are jao^ 
^Tided with an air dome. 

161. Boyle's Law- — The simple relation existing between 
■the volume of a gas and the pressure applied was first 
■established by Robert Boyle and announced by him in 
^1662. It is known as Boyle's Law among English-speak- 
ing peoples, but the French call it Mariotte'a Law. W 
f is as follows : — 

At a constant temperature the volume of a given mau of 
' gag varies inversely/ as the pressure to which it is subjected. 

If the volume u of a gas under a pressure p becomes t" 

on changing the pressure to p', then -,=i, ot pv=p't/i 

that is, the product of the volume of the gas by ftf 
corresponding pressure remains constant for the f 

temperature. 
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162. Tile Law Verified. —Experiment. — The apparatus (Fig. 84) 
onsists of two glass tubes connected by a stout rubber lioae and 
led to a wooden support carrying a metric scale. Tlie left-hand 

nbe is closed at the top witli an iron cap. 

Silher tube can be fastened at any desired point 

ka Qieflupporting board. Clamp both tubes near 

ha middle of the scale, unscrew the cap, and pour 

m mercarj till the tube with the screw cap is half 

Inlt, Now screw on the cap, and lower the open 
as far as possible. Note oa the aeale the 

puaitioo of the mercury in each tube, the position 

olthe top of the capped tube, and also the read- 
ing of the barometer. Move the open tube 

upward a few centiraetre.s, and repeat the read- 

inga. Continue in this way till the top of the 

"Mle is reached. Since the closed tube is of ujii- 

hna bore, the volume of air will vary as the 

Imgth of the column, and hence the length may 

1» Med instead of the volume. Find the length 

oi the air column for each get of observations. 

"n* difference in the mercury readings, increa 

"ylhfl barometer reading, will give the pressuro 

Cf the air in the tube in centimetres of mercury. 

" tlie temperature of the tube is kept constant, 

Wd the air in it is free from moisture, it will be 

•wind that the product of the length of each air ■ 

Mtpgnding pressure is practically constant. 
The following record illustrates the foregoing; — 
Top of sir column 119.43 cm., Reading of barometer 74.18 




1 by the ■ 



80.50 
S2.61 



07.20 
73.00 
70.90 
80.40 



1473 
1478 
1478 
1479 
1477 
1479 



J 
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Figure 85 will serve to explain the reductions of the 
obeecvations in the table. A is the top of the mercury 
column ill the aiv tube and B is the surface 
of the mercury exposed to atmospherio 
pressure. The volume v of enclosed air in 
terms of unit length of the tube is 119. 4n- 
90.5 = 28.95. This is for the first readiog 
iji the table. The pressui-e on the surfaM 
JB is 74.18 cm. of mercury as given by thfi 
barometer. The pressure at A is less tha» 
atmospheric pressure by the length of the 
column AC, which is 90.5— 67.2 = 23.3 cm- 
Hence the pressure ^ at J. is 74.18 — 23.S 
= 50. 88. Then pv = 28. 95 x 50. 88 = 14T3- 
The other reductions ai'e made in tbo 
same wai'. 



163. The Law Approximate. — Extend©^ 
investigatiuna have shown tliat Boyle's la'^ 
is only approximately true even for air at moderate pr 
sures. In general, gases are more compressible th*** 
Boyle's law requires. Gases like sulphur dioxide, ohl"' 
rine, and carbon dioxide, which are easily liquefied Is? 
pressure, show the largest variations from the law. Ne»' 
the point of liquefaction the product ^w is much smalls' 
than accords with the law. 

Such gases as oxygen and nitrogen show a minimm^— 
value of pv -, beyond this minimum value an increase c* 
pressure causes the product pv to increase. For hydrcJ^ 
gen the value of the products is always higher than th* 
law requires. 

Within moderate limits of pressure, however, Boyle' 
r is extremely useful as a working relation. 



If a mass of gaa under a barometric pressure of 72 cm. haa a , 

Tolanie of 1900 cm'., what would be tbe volume at the same temper- 
ature if the pressure were 70 cjilV '^so t.•.^ 

■' 2. When theharometer reading is 29 in., what will be the limiting 
hdght over ■which a aiphon will carry water ? ^ 1 ■ ^ "I /' i 

3. If a gas tank of 100 1. capacity contains oxygen gaa under ^ ■ 
a presaure of 10 tgm. percni^., what will be the volume of the ga3 ■ 

M the same temperature under a pressure of one atmosphere? •JiT ^ J 
'^ 4. If 100 cu. ft. of hydrogen giis at normal pressure are forced I 

bto a tank of 2 cu. ft. capacity, what will be the pressure per \ 

Vpixn inch in atmospheres at tliB same temperature? it ., Cf»^ ^rs 

S. An open vessel is found to contain 200 gi^- "f air when the / 
l>*«x)inetric pressure is 78 cm. How much does it contain at the . 

1««»e temperature when the barometric pressure is 72 cm.? ( f .i, j'/,.- ' 
[The mass of air will vary directly as the pressure.] ' i 

C If a litre of air at 0" C. and under a barometric pressure of ^ ^ 
em. weighs 1.29 gin., what will the same volume weigh at the i 

'tt4.e temperature if the barometric pressure is 74 cm.¥ I 5( tj ... 
7i What pressure must be applied to a ma^s of gas whose volume 
lOOO cm*, under a pressure of 1.033 kgnj.jier cm*., to reduce it to i 

260 cm'., at tbe same temperature? . ' ' '-' ''-jv 'i' ■. -■■. . 

1. In collecting hydrogen gaa over mercury in a graduated cylin- 
ihe volume of the gaa was 25 cm'., the mercury atanding 14 cm. ' 
lofih in the cylinder, the barometer reading 74 cm. Whiit would be 
ft» volume of the gas, if it were under normal pressure? 

CThe mercury in the cylinder exerts a back preasura and reduces 
*^ direct pressure by that amount.] 

9. The cylinder of an air pump haf a volume of 10 cu. in., and 
oia connectecl to a receiver whose volume is 100 cu. in. How much 



ot tbe original air will be left in the cylinder and receiver after the ^ 

t^rf double stroke, beginning at the top? ^ 

/ M. When tbe barometer reading is 78 cm., what is the greatest 
possible length tor the short arm of a. siphon whew used for sulphuric t 

Mid (sp.gr., 1,8)? 




CHAPTER IV. 



I. WAVE MOTION. 



164. Vibration. — Experiment. — Suspend a, ball hj » long tbtesd 
and set it swinging to and fro like a common pendulnm. Notice diat 
the ball retuma at regular intervals to the starting-point, l'"* 
set the ball moving in a circle, the string describii^ a conical sa'- 
face. The ball again returns periodically to the point of departuie. 

A vibrating or oscillating body is one which repeats i** 
limited motion at regular short intervals of time. A cff»w- 
plete vibration, or simply a vibration, is the motion comprisC**- 
between two successive passages ^^ 
the object in the same directio** 
through any position (§ 70). 

165. Vibration* Cilassiflftd. — Bxpe«*' 

ment. — Clamp one end of a strip of br*'** 
or a lath in a vise (Fig. 86). Draw.fcl'*' 
free end aside and then release it * 
moves to and fro like a common penduluC' 

Vibrations of this character af^ 
called traniverse, the motion beio^ 
in a direction at rig^t angles to tb^ i 
length of the vibrating body. 

Experiment. — I 
spiral spring '- to i 




e end of a long 
1 the wall and 



, iSfich a spring may be made by w 
a long rod. 



ndingNo. 18 iron or brass v 



SOVJfD. 
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hold the other end in the hand. Crowd together a, few turna of the 

spiral and then release thein. A yibraturj niovement will be started, 

in which each coil swinga , 

to and fro in line with the 

length of the spiral. Fig. 

"^' "'' 87 shows the appearance of 

portion of the spiral after releasing the compressed coils. 



Vibrations of this character are called longitudinal. 

Eiperiment. ^ Twist the bob of the torsional penclulum (Fig. 3) 
part way around. When released it returns periodically to its initial 
position, as the wire twists and untwists. 

Vibrations of this character are called torsional. 



166. Simple Harmooio Sotion. — 

Experiment. — Suspend a hall by a long 
thread. Set it swinging in a circle 
(Fig, 88J. The string describes the 
■uri&ce of a cone and, consequently, the 
pecduluni is known as a conical pendu- 
lum. Place a white screen hack of the 
'peodalum and in front a lighted lamp, 
'be light being in the plane of the 
rircle. Whenths room is darkened the 
wiadow of the pendulum, boh will be 
1 to and fro across the 
1 B Blraight line, slowly near 
of the vibratory motion 
Uy near the middle. Tliis 
as nearly a simple hnrmoiuc 



I^t the circle of Fig. 89 repre- 
ient the path of the bob. Divide 
I the circumference into, say twelve, equal parts, as ab. be, cd, 
Through the points of division draw perpendicidars 
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to the line AG. Then, the distances AB, BC. CD, etc., 
are the projections on the straight line of the equal arcs 
ab, be, cd, etc., and represent the 
motion of the ball in successive 
equal periods of time as viewed 
from a distance. When a bodj 
vibrates to and fro in a straight 
line, as AQ-, in such a maimer 
that its position at any moment 
is the same as the projection on 
that line of a point moving uni- 
formly in a circle whose diametei 
IB the length of the straight line, it moves with what is 
known as simple harmonic motion. All pendular motions 
of small amplitude are simple harmonic. The name is due 
to the fact that musical sounds are caused by bodies 
vibrating in this manner. The lengih DA ot BO- is the 
amplitude of vibration, and the period of vibration is tb^ 
time-interval between two successive passages of the body 
through any point in the same direction. For exampl®' 
the time of the body's moving from to Gf, back throug'l* 
C to A, and then to C is the period. 

167. Waves. — Erperimenf. — Tie oda end of a soft cotto** 
clotheBline to h, rigid support. Grasp the other end and moTe it i»f 
and down quickly. Each point of the cord will he Been to vibirf*^ 
transversely with a simple harmonic motion, and the disturhano^ 
started by the hand will move along the cord from one end to th^ 

These curved forma traversing the cord are vraveg, whiel* 
may, in general, be defined as tlie configuration of a me- 
dium caused by its parts vibrating and passing succea- 
eively through corresponding positions. 
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168. The Harmonic Curve or Graphic Wave Fonn. — Eiperi- 
tnent. — Mate a peDduluin, having for ft bob a weighted funnel, with 

Bwingitig iu a plane through a small arc, and glide beneath it a board 
with couBtant Telociij at right angles to the plane of the arc ; t)ie 
sand will be deposited in a waTj line. 

This wave is the result of compounding a simple har- 
monic motion, with a miiform rectilinear motion at right 
angles to it. In Fig. 90, the vertical parallel Unes A, B, 
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Moving with simple harmonic motion. To find the p 
tioE of these particles in their paths at equal inter-* 
of -time, draw a circle whose radius is the amplitude 
vibration, divide it into any convenient number of ec 
pa-rta, say twelve, and through these points draw horiz 
'a.1 lines cutting the vertical ones. These lines will m 
off on the lines A, B, C, B, etc., spaces which the vib 
iiig particles traverse in intervals of -^ of a peri 
^o\sr, if the particle in the line A has made any num 
of vibrations and one-third of an additional one, recko 
liom the pflint 12, it will be at a ; and if each particle 
1 Bicoession is -5^ of a period behind the preceding, t 
1 will be at J, c, d, etc., respectively. A smooth on 
ytetga through these points gives the wave form. 
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If each particle be advanced in its path -^^ of a period, 
and a new curve be drawn (the student should do this), 
the wave form will be seen to have moved to the right; 
and if the particle be advanced through a whole period, 
the wave will have gone through one complete change, 
the top of the wave or crest having moved from JE to Q. 

Query. — How would you diagram a wave of greater amplitude? 

169. Wave Length. — The length of a wave is the dis- 
tance from any particle in the wave to the next one in the 
same vibration stage, that is, in the same phase; as from 
a to m, c to 0, U to Q, etc. (Fig. 90). Art. 168 shows 
that the wave form travels from a to m^ c to o, JE to (?, 
etc., during one period or complete vibration of the parti- 
cle. Hence, the wave length is the distance traversed hy the 
wave during one vibration period. 

f; '-/■». 

170. Kinds of Waves. — Experiment. — Drop a pebble into a 
large vessel of water. Circular waves will move outward from the 
disturbed point to the sides of the vessel. Float a small cork on 
the surface. It will rise and fall as the waves advance, but will not 
be carried along with them, showing that the motion of the water is 
up and down and not forward. 




F.g 91. 

Experiment. — Place a lighted candle at the contracted end of » 
long tin tube (Fig. 91). Over the other end tie a paper membrane. 
Strike two books together in front of the closed end ; the flame Ib 
agitated. Tap the membrane with the finger or with a cork mallefc; 
the flame will probably be extinguished. The eifect on the candlB it 






ne to a current of air, aince the end of the pipe is closed by t] 
brane. It the tube is tilled with amoke, it will not be driven 1 
s by a wind, but it will be agitated hj tlie vibratory movementa 
ag through it. 

lese experiments illustrate two kinds of waves : the 1 
gravitational, or waves of troughs and crestB ; and the I 
id, eompressional, or waves of condensation and rarefae- 



1. foavitational Wavea. — The waves on the surface ] 
ater are due to the motion of ita particlea in closed j 



ea, which are circular when the amplitude is small. 
t such a motion will produce a wave form ia shown in 
92. Each circle is divided into eight equal parts; a 
•,i particle is supposed to move in the circumference 
ich circle at the same rate, hut in any two consecutive 
.63 to be at points separated by ^ of a period. Then 
na has completed one revolution, 6 will be ^ behind. 
It be |- behind, etc. A smooth curve traced through 
points found in this manner represents the form of the 
aoe of the water. The figure shows that the crest and 
igh are not of equal size, the former being narrower. 
he circles were larger, that is, if the amplitude were 
Iter, the crests would be still narrower, and would be 
'p or looped when the amplitude is very large. The 
1 of the large waves would then break into foam or 
te caps. 

1%. Compreesional Waves. — In the second experiment of 
. 170, the air in the tube next to the membrane iAJ 
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compressed. The elasticity of the air forces these air paN 
tides apart again, and in turn compresses the nir farther 
along the tube. The continued repetition of this process 
carries the disturbance through the tube to the flame. 
Each air particle vibrates longitudinally with a simple hw- 
monic motion, the whole phenomenon being quite similar 
to the vibrating spiral. Fig. 93 shows the distribution 



1 1 1 Hill 1 1 
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the air particles when disturbed by compreaBional 
^aves. j1, C, E, etc., are regions of rarefaction; B, 3, ?■ 

3., are regions of condensation. Particles A audC, J 
ind D, etc., are in the same phase; hence the distunes 
AG is a wave length, and comprises one rarefaction ami <f* 

mdensation. 

173. Composition of Two Simple Harmonic Uotioiu in the 

me Direction. — Let the first two curves (Fig. 94) repi** 

lent two wave motions in. the same medium, having t^ 

J amplitude, but differing in wave length. Draw tii* 

Vertical lines through A", B", etc. Lay off A"a" =il'<' 

y Aa, B" b" == B' b' -\- Bh, etc.; through the points a","' 

', etc., trace a smooth curve. It will represent the reaol** 

[^nt wave form (§ 37). A study of the figure shows tto* 

sometimes the two waves act together, resulting in 

increased amplitude, while at other times the motuB'' 

impressed on the particles are opposite in direction, tifl* 

reducing the amplitude, and even at times deatroyii^ B* 

motion. The figure illustrates the following principl*' 

—^ two waves pass simultaneously through the same met 
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tA« actual motion of each particle is tlie resultant of the 
notions due to each st/etem separately. 
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problems. 

1. Diagram two harmonic curves having equal wave leiigtha, th 
nplitudea beiog in the ratio of 2 to 3. 

2. Diagram two harmonic curves haying equal amplitudeg, th 
mve lengths being as 1 to 2. 

3. Diagram two harmonic curves of equal amplitudes and equa 
r«,vc lengths, hut differing in phase by one-fourth uf a period. 

%ve lengtli and then comhine theiri. 

5. Combine two harmonic curves of equal amplitudes and equa 
■«ve iengths, but differing iu phase by oue-fourth of a [leriod. 
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IL SOUND AND ITS TBANSMI8SIOS. 

174. Sound, as distiuguislied from the sensation of heai- 
ing> is that vibratory disturbance in an elastic medium 
which is capable of affecting the ear. 

175. Soorca of Sonnd a Tibratiiig Body.— Experiment.— Su* 
penil a siuuU ball by a thread so that it juNt toucbea the 
edge of an inverted bell-jar. Strike the edge of the jar 
with a felted or cork mallet. The ball will be repeatedly 
thrown away from the jar so long aa the sound is heard. 
What must be the couditioa of the jar? 

Experiment. — Stretch a piano wire over the table and a 
little above it. Draw a violin bow across the wire, and 
then touch it with the suspended ball of the previotia ex- 
periment. So long as the wire emits sound, the ball will 
be repeatedly thrown away from it. Inference ? 

Experiment. — Tap one prong of a tuning-fork (Fig. 95) 
against a block of soft wood, and, while sounding, touch 
one prong to the surface of water. lu what condition is 
the fork shown to be 1 '''«■ **■ 



Bxperlmeiit. — Insert a whistle in 
Distribute evenly witliiti the tlihe i 



le end of a glass tube (Fig. 96), 
ittle cork dust, made by filing 

other end of tli» 
tube, and blow to 
whistle, holdiaj 
the tube in a h6I*^ 
aontal position The cork dust will rise in pirallel vertical laj*!^ 
falling back mto ndgps tranavprse to the axii of the tube whan tl 
sound ceases Does the hehnvior of the cork dust indicate aw 
tory motion of the air in the tube, or a current? 

These experiments prove that the sources of sound ^ 
bodies in a state of vibration, the energy of the moti*^ 
being suGGcient to affect the ear. 
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176. Air a Medium. — Esperimont, — Suapend an electric bell 
h a receiver on the air-pump table (Fig, 07)- Set the bell ringing 
Rnd exh&iist the air from the receiver. The bell is heard less and less 
distinctly as the exhaustiou proceeds, and woidd become inaudible in 

perfect vacuum were it not that the auspension v 
loand (§ 176). Readmit the air and the 
ound is restored. If, after exhausting the 
hydrogen is admitted and then, ex- 
lausted, the diminution of the sound of 
be bell will be more marked (g 197). 

The experiment shows that air 
H'ansmits sound, and also that sound 
»mnot traverse a vacuum. By fili- 
ng the jar with any kind of gas it 
nay be shown that any gaa trana- 
iiite 'sound. 



177. Liqnids as Media.— Expeiiment. 

Fill a tumbler with water, or any other 
liquid, and set it on the table. Insert the 
item of a tiiiiitig-fork in a thin disk of wood about S cm. in diitmeffir, 
8et the fork in vibration and hold it with the wooden disk resting on 
tile liquid in the tumbler. The fork, which could scarcely be heard 
when heJd in the hand, will now be heard distinctly, the sound aeeni- 
ing to come from the table. 

The vibrating fork, through the agency of the wooden 
^k on its stem, throws the liquid into vibration. These 
vibrations are transmitted by the liquid to the table, and 
thence to the air of the room. 

178. Solids as Media. — itxperimeut. — Hold one end of a long 
iiender wooden bar against the door of the room. Rest the stem of a 
"Orating tuning-fcirk against the free end. The sound of the fork 
■ill appear to come from the door. 

The wood, like the water of the previous experiment, 
transfers the energy of the fork's vibrations to 
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door, and the door in turn to the air of the room, ttis 
& familiar fact that) by placing the ear in contact withtlis 
metal rail of a railway track, two sounds can be heard, if 
the rail be struck at some distance away, one sound com- 
ing through the rail and the other through the air. Tbo 
report of a camion has been heard more than 250 miles b^ 
applying the eiir to tlie ground. The great eruption of 
Cotopaxi in 1744 was heard distinctly 500 miles away» 
although several gigantic mountains and numerous deup 
valleys intervened. 

The acoustic telephone, familiarly known as the ttrii^ 
telephone, is a practical application of the sound-tranHrai^- 
ting qualities of solids. It was invented in 1667 by Robert 
Hooke. It consists of a string or wire attached to tiff 
thin elastic bottoms of two small conical boxes. By 
speaking into either of these boxes, one listening at &» 
other can hear distinctly, even for a considerabia distanoO. 
The membrane vibrating transversely seta np longitudiiul 
vibrations in the wire. These are transmitted to the 
membrane of the receiving instrument, and reproduce t!i9 
«ound actuating the transmitting instrument. 

179. Sound Waves. — When a, body, aa a tuning-fort^ 
set in vibration, the disturbances produced in the ^ 
around it are known as sound waves. These waves coa- 

sist of a series of condensations and rarefactions, succeed- 
ing each other at regular intervals, and forming eoncentn" 
spherical shells of air of diiTerent densities. Each ai* 
particle vibrates harmonically and longitudinally in 
short path along the radius of the expanding sphei 
A rai/ of sound is the line wliich marks the direction o' 
propagation ; it is a radius of the spherical shell, 
lence is a perpendicular to the wave front. 



m. VELOCITT OF SOUND. 

i ISO. Velocity in Air. — In 1738 a commission of the 
French Academy, and again in 1822 a second scientifio 
commission, experimented to determine the velocity of 
bound. The method oi procedure was to divide into two 
parties, and by firing a cannon alternately at the two sta- 
tions to determine the interval between the observed dash 
^nd the report. The mean of an even number of re- 
sults eliminates very nearly the effect of the wind. The 
'£aal result obtained was 331 m. per second at 0° C. The 
^defect in this method is that the perception of sound and 
of light are not equally quick, and vary with different 
persons. Stone determined the velocity of sound in 1871 
by stationing two observers three miles apart to give 
Kgnala by electricity on hearing the report of a cannon. 
This method employs tlie sense of hearing only. After 
correcting as far as possible for all sources of error, the 
value obtained was 332.4 m. or 1090,5 ft. per second at 
0° C. At 20" C. the velocity is about 1130 ft. per second. 

181. Velocity in QaeeB.- — It was shown by Newton that 
ithe velocity of propagation of a wave tlirough any medium 
Taries directly as the square root of the coefficient of 
elasticity of volume (§ 14), and inversely as the square root 

of the density (v = 'V j)- Since the density of oxygen is 

edxteen times that of hydrogen, it follows that sound will 
travel in hydrogen four times as fast as in oxygen. Sub- 
jecting a gas to pressure increases its coefQcient of elas- 
ticity and its density at the same rate, and hence does 
pot affect the velocity of sound in it. Heating a gas, 
liowever, increases the coefficient of elasticity, and 
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increases the velocity of sound. Experiment and calcu* 
lation agree in showing that the correction is Oj6 m ., or 
nearly 2 ft. for 1° C. in air. 

182. Velocity in Liquids. — In 1827 Colladon and Sturm, 
by a series of experiments in Lake Geneva, found that 
sound travels in water at the rate of 1435 m. per second 
at a mean temperature of 8.1° C. Subsequent experi- 
ments show that the velocity is affected by changes of 
temperature and by the intensity of the vibration produc- 
ing the sound. The velocity of sound in liquids is greater 
than in gases, owing Xo the fact that their coefl&cient of 
elasticity in proportion to their density is much greater. 

183. Velocity in Solids. — The velocity of sound in solids 
is generally greater than in liquids on account of their 
high coefficient of elasticity as compared with their density. 
The velocity in iron is 5127 m. per second ; in glass 
5026 m. per second ; but in lead, on account of its low 
elasticity, it is only 1228 m. per second, the temperature 
in each case being 0° C. 

Problems. 

1. Calculate the velocity of sound in air when the temperature is ■ 
25° C. 

2. How long will it take sound to travel 2 mi. in air, the tem- 
perature being 20° C.V 

3. In an experiment to determine the velocity of sound, two sta- 
tions were chosen, distant 5 km. from each other. It was found that 
the interval between seeing the flash of the gun and hearing the 
report was 15.5 sec. at one station and 14.5 sec. at the other. Calcu- . 
late the velocity of sound and that of the wind. • ^"^ *'\ r,^ ^ <* • r**^. 

4. On a day when the temperature was 24° C, the interval between 
seeing a flash of lightning and hearing the thunder was 5 sec. How 
far away was the lightning ? 
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A, shell fired at a tai^et, distant half a mile, was heard t 
rike it 3 sec. after leaving the rifle. What was the average velociW 
the buUet, the temperature of the air being 20" C. ? 

[Let X represent the velocity of the bullet. How long ^ 
nllet in goitig? How long waa the sound in returning?] 

6. To what temperature must the air be heated to ii 
Slocity of sound 10 per cent,? ^'s' ■ ^■'C 

1. If the velocity of sound in air at 50° C. be taken as 1120 ft. perB 
KOnd, what would be the velocity inearbou dioxide at that teniper»< J 
Lie, earbou dioxide being assumed to be one and one-half times U J 
MTyasair? ^ ,^... /i 

8. The leaning tower of Pisa is 288 ft. high. For an observer at'l 
top, 'what time wil! elapse between tlie dropping of an iron balLl 

Dm the top of the tower and hearing it strike the pavement aig 
bottom, if the temperature of the air is 2i° C.? 

9. If sound travels in air at the mte of 340 m. per sec., and in fl 
3D at the rate of 51,10 m. per sec, what would be the interval j 

een heni-ing a sound through an iron bar 1 km. loug audi 

IV. REFLECTION AND REFRACTION OP SOUND. 

184. Reflected Sound Waves. — Experiment. — Suspend ; 
ud-ticking watch a little in front of the focus (§ 250) of afl 
pge concave reflector, as at Win Fig. 98. A place will be| 
nmd at aome distance 
front where tlie 
atch can be beard 
ith great distinctness, 
'; but if the 
be removed, 
ing 18 nearly, 
qiiite, inaudible. 
When sound waves 
ike against a smooth surface they are reflected in the I 
) manner as whea an elastic body strikes such a sur- ■ 
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face. If the surface be concave, they are reflected fo >' 
point. In Fig. 98 the raya of sound are used instead of! 
waves for simplicity. These, diverging from W, aw 
focussed at £, just as in tlie case of light (§ 252). 

The ear trumpet is an instrument whose action depend 
upon the reflection of sound. The sides of the bell-sbsp 
mouth reflect tlie sound into the tube which conveys it 
the ear. Sounding-boards are sometimes placed ba 
of speakers in large halls to reflect those portions of t 
sound waves that pass back of the speaker. 



185. Eclioei. — An echo is the repetition of a sound' 
by the reflection of sound waves from some distant IQI 
face, like that of a building, or from cliffs, clouds, trees, eti 
The interval between the production of a sound and d 
perception of its echo is the time that sound takes totraTi 
from the source to the reflecting body and back again. 11 
sensation of sound lasts for about one-tenth of a secofti 
and diiring that time the sound wave travels -^ x 113D.' 
113 ft. If, then, the reflecting surface be about li*^ ft- 
distant, a short sound will be followed immediately by its, 
echo, since the first sound wave will travel to the reflect 
surface and back to the ear to renew the sensation jufll 
the first one ceases. If the distance be much less tl 
56 ft., the reflected sound tends to strengthen the oi 
nal one, as illnstrated by the distinctness of sounds in 
ordinary room. The poor acoustic properties of mf 
large halls and churches are due to the confusion 
echoes from the large flftt walls. Rooms draped 
bunting or hangings of soma sort have the echo df 
ened, because of the diffused reflection from the folds 
the drapings. 

Multiple echoes are caused either by independent refli 
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from bodies at different distances, or by successive 
bions, as in the case of parallel walls at a suitable 
ice apart. The roll of thunder is partly due to niul- 
reflection. Multiple echoes following one another 
rapidly produce reverberations. 

'. The Whispering Oallery. — A curious effect of sound 
tioo is met with in the whixpering gallery, where t 
sound produced at one point of a very large room is 
[ distinctly at some distant part, but is inaudible at 
s between ; or where it is heard all round near the 
but at no other place. In the first case, the walls 
i curved reflectors (§ 184), and concentrate the sound 
s to a point. In the second case, the sound is re- 
d from point to point along the curved wall, travel- 
n a series of equal chords, making the sound audible 
Dund the wall. This is the case with the circular 
ry in the dome of St. Paul's Cathedral in London, 
B a whisper is perfectly audible when the speaker 
istener are exactly opposite each other. 



F. Refraction Experiment. 

alarge toy b&lloon with carbon 
ie and bang it up. Suspeod a 
ickJDg watch near it (Fig. 98), 
will be a point On the oppo- 
le,but farther away, at. which 
eking can be he^rd very dis- 

a balloon acts on the 
I waves in the same man- 
iat a convex lens acts on 
waves, converging them 
r§25(>). Theexpla- 
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nation is to be found in the fact that the middle portioDi 
of the waves on striking the balloon are retarded, th 
outer portions, so to speak, getting ahead and ciir\'ii^ 
around, so that the waves are converted from a convei 
into a concave form. A balloon filled with hydrogei 
gas would act in the opposite manner, the middle of the 
waves getting ahead. 

188. Wind Befraction. — It is a matter of common obsi 
vation that sounds heard with the wind are louder Uui 
those heard against it. The reason is to he found id tl 
fact that the velocity of the souud in the first case i 
increased by that of the wind. But the velocity of t1> 
wind is less near the earth's surface than a little aboTS 
Hence, the part of the sound waves touching the e 
travels more slowly than that above ; the waves are thB 
deflected downward and the sound is condensed along tk 
earth's surface. In the second ease, the lower part of tB 
sound wave will he less retarded by the wind thaa tl 
upper part and hence will get ahead of it. The wavei 
thus deflected upward. 

FroblemB. 

1. Why are there echoes in very large halls? 

2. Why are multiple echoes often heard near a forest? 

3. A steamer passing near a tall cliff hlows a short sharp wWw 
and 2 sec. later the echo is heard. The temperature of the W 
20° C. What is the distance of the steamer from the cliff? 

4. It is claimed that a speaker cannot enuncinte more tfaan^ 
syllables per second and be clearly understood, owing to thereaS' 
impression that each sound leaves on the ear. If the temperatidt 
20" C, how far distant must a. reflecting surface be to reecho cta 
a word of three syllables? 

5. At what distance is an observer from a reflectiiig surface * ■ 
repeats a sound after 3 sec, the temperature of the air being 21*' 



^^^r. FORCED AKD SYMPATHETIC VIBRATIONS. ^^^H 

189. Forced Vibrations. — ExperimeDt. — Suspend a heavynelgb^^^^l 
f a, cord or wire 90 that it will vibrato ueurly as & seconds peDdalmOi^^^^H 
^m this weight suspend by a, short thread 11 stnall weight, as a l>ul-^^^^| 
^ Set the system vibrating. The large ball by its superior cn^rg^^^^^l 
njiTeases its own ptariod of vibration on the small one aud forcea it^^^^| 
) Tibrat« with it. ^^^^B 

I The experiment is an illustration of forced vibrationtf^^^M 
rhich in general may be defined as vibrations not agreein^|^^^H 
n period with the natural period of the vibrating l^odj^^^H 
mt with that of the periodic force acting on it. ^^^H 

190. XUnstrations. — The sounding-board of a piano aud^^^H 
fkt membrane of a banjo are forced into vibration bj^^^H 
uie strings stretched over them. Two clocks which haT(£^^^| 
Bearly the same rate when on separate stands, will kee^^^^f 
exact time together when they are placed on the sam^^^H 
uielf, because each pendulum supplies a periodic forc^^^^f 
Brbich acts on the other. They therefore exercise mutu^^^^f 
fcontrol. The two prongs of a tun ing-f ork naturally vibratC^^^H 
ptelightly different rates on account of unavoidable diffec^^^H 
pnoea between them ; but since they are connected at the^^^J 
ptem, the faster one tends to accelerate the slower, ao^^^^f 
1^ slower to retai'd the faster, with the result that the]!^^^H 
wfee in rate. The top of a wooden table may be forcec^^^H 
pnto vibration by pressing against it the stem of a vibratt^^^| 
Pm tuning-fork, and the loudness of the sound is greatl]rl^^^| 
Moreaaed. This is a case of forced vibrations, and ths'^^^^ 
■klile will respond to a fork of any pitch. ^^^| 

[ 191, Sympathetic Vibrations. —Experiment. — Place near each I 

Kher on the table two mounted tuning-forks timed to exact unison. ' 

kwp one of them in vibration for a few seconds, and then stop it, ^ 

pile other one will be heard to sound loudly. ^^^^hb 

L ■* 
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This experinieiit illustrates sympathetie vibri 
bodies having the sanie natural vibration period as 
periodic force. In the case of the forks, the pulses in 
the air reach the second fork at intervals correapondii^ 
to its vibration period, and their effect is cumuktiTft 
each impulse arriving just in time to add to the move' 
ment. If the forks differ in period, the impulses ftnO 
the first will not produce cumulative effects on the 
ond, and the second fork will fail to respond. 

In forced vibrations a vibrating body is compelled to 
surrender its preference for a particular mode and rata d 
vibration, and to adopt with more or less accuracy thai 
imposed upon it by some external periodic force, 
when there is equality of period between the periodic 
force and the natural vibration of the body, the co-vibrB- 
tion of the two is known as reaonance. 

192. Illastrations. — Resonance may "be mechanical )uwe]l 
as sonorous. A lieavy weight suspended by a rope oiaf 
be set swinging through a wide amplitude by tying f 
it a thread and pulling gently on it when the weight w 
moving in the direction of the pull. Each effort then uddi 
to the accumulated motion ; the series of small impul** 
at the right intervals unite to produce a large movement 

If two heavy pendulunna, suspended side by side d 
knife-edges on the same stand, are carefully adjusted to 
swing in the same period, and one of them is set swin^ 
ing, it will cause the other one to swing, and will give 
to it nearly all its motion. 

Many years ago a suspension bridge at Manchester, 

England, was destroyed by its vibration reacliing an ampU 

tude which exceeded the limits of safety. The cause 

■ the regular tread of troops keeping time with what prove 
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be the natural rate of vibration of the bridge, i 

in the custom has always been observed of breaking^ 

p when bodies of troops cross a bridge. 

Release tlie wires of a piano by pressing the loud pedal, 

lote Bung iieat it will be echoed by the wire which gives 1 

one of the same pitch. The " sound of the sea " heard 1 

len a sea shell is held to the ear ia a case of resonance. 1 

le mass of air in the shell has a vibration rate of its I 

m, and it amplities any faint sound of the same period. I 

vase with a long neck will also exhibit resonance. 




Air Sesonaton. — Eiperiraent. — Hold a vibrating tuj'h ] 
IT the mouth of a cyiindrical jar (Fig. lOO). Ponr in water slowly,- , 
) note that, as the air colmtin becoai'es shorter, the sound grows 1 
dertill a certain length is reached, after which it becomes weaker. J 
laikt of different pitch are tried, each will be found to have a dif- \ 
h of air column for reenforcing its sound. 
p prong at a (Fig. 101) moves to 6, it makes half a vibrar \ 
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I. and generatea balf a sound wave. The pulse it senda down tt 

AB iBrtflec)«d from the bottom. Now, if ^B is one^fourth 

B. wave length, then the distan 

Iduwu the tube and back will b 
Half a wave length, and tiie pqls 
will return to j4 in time b 
strengthen the pulse sent out 
tile prong in its motion fron 
t.)(i. If J B be three-fourths, fire- 
■~— --^ fourths, or any odd moltiplfl d 

one-fourth of a wave length, tfcft 
t'ffect will be the same; but fin 
other lengths the reflected pole 
will not return to ^ at the prepff 
r,g lu, time to combine with those o[ti» 

same phase produced by the («* 
in the air otitside the tube, and bo to increase their amplitudSi bat 
will Induce it instead. 

Unless the length of the air colunm is large in comparison wi* 
its diameter, it will be somewhat less than one-fourth the if*^' 
length of the sound reen- 
toreed. The box on which a 
tuning-fork is mounted (Pig. 
102) is a resonator, des^ned 
i volume of 



194. The Helmholtz 
Resonator. — The reso- 
nator devised by Von 
Helmholtz, for tiie pur- 
pose o£ picking out the overtones (§ 215) in a compf 
sound, is spherical in form, with two short tubes 
opposite sides (Fig. 103). The larger opening, jl, is t 
mouth of the resonator ; the smaller one, B, fits in t^ 
ear. These resonators are made of thii 
pand their pitch is determined by their size. When o*^ 
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o£ them is held to the ear, it strongly reeiiforces any 
«j^oua4 agreeing with it in pitch, but is silent to othara. jj 

''-'"' VI. INTENSlry AND LOUDNESS. 

^^ ' 195. Tlie Physical Intenrity of a sound varies as the 
energy of the vibrating particles of the medium. The 
loudness of a sound depends on the individual sensitiveness 
of the ear, and on the extent of the physical disturbance 
reaching the ear drum. The loudness of a sound also in- 
volves the pitch. Intensity refers to the mechanical 
action that gives riae to tJie sound, while louduess refers 
I the sensation produced. 



196. Effect of Amplitude. — Experiment. — Strike one of the 
prongs of A tuaing'fork a, alight blow. The sound emitted ia feeble, 
and the prongs when toached to water disturb it but little. Now 
strike the fork a sharp blow; the sound is much louder, sad when 
fclie prongs touch the water, it is throwu about more vigorously. 

When the amplitude of vibration of the fork is large, a 
o«»TrMpondingly large amplitude of vibration is imparted 
bo tie air. Siuee a vibrating body, like a pendulum, has 
* comtant period nearly independent of amplitude, the 
inenn velocity of the vibrating air particles must vary 
fts the amplitude. But the energy of the movement 
varifiB as the square of the velocity (§ 85); hence, the 
Intensity of sound varies as the sq\iare of the amplitude 
of Tibration. 



197. Effect of Density of Hediimi. — Ejcperiment. — Pill a large 
bell.jar with hydrogen or coal gaa. Raise the jar, keeping the mouth 
doHiiward, and ring within it a small hell. The sound is much fee- 
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IT than when the jar is filled nith air. Now fill a large jar with 
aoti dioxide, aud ring the bell in it. The sound ie louder than 



i The loudness of a sound depends, therefore, on the den- 
jrty of the medium at the place where the vibratiou Ie 
iDparled to it. 

The energy of the wave motion set up hy the bell in the 
Ight gas is less thau that iu the dense one, and there la a 
nrreaponding difference in loudness. If a tuning-fork 
were used in conducting the experiment, the duration 
of vibration would be found to be longer in the rarer 
gas, 80 that the total amount of energy absorbed by the 
medium from the fork would be the same in each case, as 
required by the doctrine of Conservation of Energy (§ 8T). 
On high mountains, where the air is quite rare, conver- 
Bation la carried on with difficulty, and the firing of a gun 
produces little noise ; while one fired below may be heard 
ji . aa a loud report, even at great elevations. 

■ 198. Effect of Diatance. — As the sound waves move out- 
ward from the vibrating body, each spherical layer of W^ 
imparts its energy to the enveloping one. Since thwe 
layers are surfaces of spheres, the number of partjci*" 
composing them increases as the squares of their radii- 
Hence, the energy of the individual particles must oe* 
crease iu like ratio, that is,fthe intensity of sound pfflfw, 
inverselj/ as the square of the distance from the go-uree.l 

During the vibratory movement of the air, some ol tn*' 
mechanical energy is transformed into Iieat by friction an* 
viscosity and is dissipated. Heuce, the actual decrease W 
intensity of sound is greater than that given by 

K^itiheoretical law of inverse squares. 
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199. The Speaking Tube. — The weakening of souud from 
he enlargement of the sound waves as they recede from 

ihe source would evidently not take place if they were ! 

lonfined within a. tube. Under such a condition the 
ound waves would not be propagated as concentric 
ipheres, but the sueceasive layers of air affected would 
>e of equal mass, and the sound would be conveyed with 
ittle loss of intensity. Tubes used in this way are called 
tpeaking tvhes. Long galleries, water pipes, and sewers 
ict as speaking tubes. 

200. Effect of Area of Vibrating Body. —Experiment — Com< 

aare the soimtl of a. small tutiiiig-fork with that of a large one of the ' 

laiue pitcli (§ 2U5). The lai^e oue produces the louder aonnd. ' 

i 
In order that a vibrating body may be a source of sound, 
ikvi condensations and rarefactions iu the air must be well 
x>arked. When the object is small, its surface is insuffi- , 
si«nt to affect a large quantity i>f air. Hence/the intenxity 
\f sound depends on the area of the sonorous body. / i 

Illustrations of this fact are found in many stringed 
tiiiaical instruments, where the souud is intensified by 
•lacing two or more strings side by side when they are 
■f Bmall diameter ; and, secondly, by placing a sounding- 
't>ard beneath them to be set in motion by the string. 
'- lie loud sound produced by many wind instruments is 
^J)lained by the fact that the air within the broad aper- 
tn-e opposite the mouthpiece is a vibrating body of large 

Vir. INTERFERENCE AND BEATS. 

201, Interference. — Ezperimeat. — Hold a vibrating tuning-fork 
OTer a cylindrical jar, serving as a resonator. Turn it slowly around 
UjflU|uai)d notice that when the edge of the prong is toward the JA^^^^ 
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tlie Bound is nearly iuandible. When in one of these positions cover 
oue pr*jng wilb a pasteboard tube (Fig. 104). The sound h 
to nearly 

The explanation of 
thia experiment 
fouDd ill the fact 
that wlieu the two 
prongs ot the fori 
approach each other 
a condensation is pnv 
duced in the sii 
between them, and 
at the saute tiin< 
two rarefactions art 
started from the bacb 
^•s-w. of the prongs. Tbdrt 

opposite nioven 
communicated to the air meet along surfaces extendiDB 
outward from the edges of the fork and there neutralii* 
each other. This explanation is supported by the fad » 
the restoration of the sound on cutting off one set of W^ 
by the paper cylinder. 

InterferenEB is the superposition of two similar sets ^ 
waves traversing the medium at the same time. If*** 
sound waves of equal length and amplitude meet in opP"" 
site phases, the condensation of one corresponding with*^' 
rarefaction of the other, the sound at the place of meeti"' 
18 extinguished by destructive interference ; if their phft^ 
are not precisely opposite or their amplitudes not eqU* 
the extinction of the sound is not quite complete, ot t** 
interference is partial. One of the two series of siiniJ^ 
waves may be direct and the other reflected. 
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202. Beats. — Eliperiment. — Select two large tuning-forks of the 
Bame pitch. When they are ael vibrating, the stuind is aiiiooth as if 
Jioly one fork were vibrating. Stick e. piece of wax to a. prong of one 
of the forks: the souud will be 

pulsating or throbbing. 

Experiment, ^With glass tubes 
and jet-tubes set up the apparatus 
of Fig. 105. Provide one tube with 
a paper slider so that its length 
imay be varied. When the gas 
flame is turned down to proper 
\tSSiB, tbe tube gives ofE a contin- 
luous sound, and we have what ia 
Iknovrn aa a. 'inglnff flame. By 
, moving the slider, the tubes may 
'te made to yield the same tone, 
I the combined soiiniil being smooth 
' and steady. Now change the posr 
I "^n of the slider, and the sound 

throbs and pulsates in a very dis- 
' ^ceeable manner. 
I Both of these experiments are illustrations of the intj 

ference of two seta of sound waves. The outbursts 1 
I sound, followed by comparative silence, are called b 

203. Nnmber of Beats. — Let two sounds be produced by 
forks making, for example, one hundred and one hundred 
and twenty vibrations per second respectively. Then, in 

' each second the latter fork g-ains twenty vibrations on 
the former; and there must be twenty times during each 
1 8eeond when they are vibrating in the same phase, and 
twenty times in opposite phase. Hence, interference and 
sibaidence of sound must occur twenty times during the 
aecond, and twenty beats are produced./ Therefore, the 
tmnher of beats per second is equal to the difference- 
vibration rates of the two sounds. / 
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Vin. PITCH. 
04. Hnsical Soonda are those which are pleasant to the 
and are causeil by regular periodic vibrations. A 
~nom is a disagreeable sound, either because the vibra- 
tious producing it are not periodic, or because it is a mix- 
ture of discordant sounds (§ 223), like the clapping of the 
bauds. 

Experiment. — Attach a rose burner to a metal pipe about 16 ia 
long, iinil connect it with the gas eerrice by a rubber tube. Light 
the gas and nobioa the rustUiig sound attending its bumiug. Now 
hold » large tin tube, several feet long, over the burner. At a certsin 
position of the flame within the tin tube, a sound like that oi sn 
organ'pipo will be obtained. With tubes of different lengths, iho 
pitch will be different. 

The experiment shows that the rustling of the flame is 
i by the mixing of many different sounds. If these 
inds were not present they could not be reenforced by 
the different m 
columns. 

205. Pitoh.- 
Experiment,- 

Mount on the site 
of a whirling me- 
chine (Fig. 108} M 
on the armatme of 
a small elMtffl 
motor a cftrdbow^ 
disk (Fig. 107} pw 
vided with gerBnl 
concentric rowa of 
equidistant hol" 
dille ring in numbHi 
or aevaral toothed 
wheels diSeriog in 
the number rA 
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teeth. When rotating rapidly blow a stream of air ttom the tube 
' T against one of the circles of holes in J), or press a thin card U 
, against one of the toothed wheels W. In either case a distinct 
I note is heard, difierent for each series of holes, or for each toothed 

wheel, or for any change in speed of 




In each ease, waves are pro- 
duced in the air which, following 
each other with definite rapidity, 

. give that characteristic to tlie 
sound winch ia called pitch. The 

' perforated disk is called a siren, 
and the toothed wheel is a form 
of a Savart'e wheel. Fig. 107. 

Either of theae devices may be 
used in measuring the pitch of a note. If the number of 

■ boles in the circle or of teeth in the wheel be multiplied 
by the number o,f revolutions made per second, the product 
■will be the frequency or* vibration rate of the sound pro- 
duced. Audible sounds have a lower limit of about six- 
teen vibrationa a second, and an upper limit of about forty 
thousand. Moat musical sounds are comprised between 
twenty-aeven and four thousand vibrations a 



206. Aelations between Fitch, Wave Leng^th, and Velooity. — 

Jf a tuning-fork makes 256 vibrations per second, and in 

that time a sound wave travels in air 344 m.. then the first 

Wave formed will be 344 m. from the fork on the completion 

I 01 the 256th vibration. Hence, in 344 m. there would be 

1 256 waves, and the length of each ia m m., or 1.344 m. 

!■ general, iil = wave length, v = velocity, and m = vibra- 

1 rate, then 







= nl, and m = 



I 
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HIGH SCHOOL PHYSICS. 

J. laterrali. — A matical interval is the relation be- 

a two sounds expressed b^ the ratio of their frequen- 

Many of these intervals have definite names. When 

she ratio is 1 it is called unisofi, 2 an octave, | nj^fth, J n 

fourth, J a major third, ^ a minor third, f J a ehromatie 

aemitone. Any three notes whose frequencies are as 4 :fi: 6 

form a major triad, and together with the octave of the 

lowest a major chord. Any three notes whose frequencies 

are as 10 : 12 : 15 form a minor triad, and together with thfi 

^^Hpotave of the lowest a minor chord. 

^^H 208. The Diatonic Scale or Gamut. — This is a series of 
^^^Bight notes which succeed each other with gradually in- 
^^^Breasing pitch, the two extremes being an octave apart' 
^^KDie first, or lowest note, ia called the keynote, and the 
P last is regarded as the keynote of another set of eigli' 

notes. In this way the series is repeated till the limit of 
pitch is reached, or a sufficiently extended scale is obtainM- 
The tones comprised in each octave are named C, D, E, F. 
G, A, B, C. The keynote may be given any pitch at 
pleasure. Physicists have agreed to assign to C, known >* 
i " middle C," 256 vibrations per second. In music the stan- 

dard of pitch is variable ; in the United States piano tush"" 
facturers agreed in 1892 to adopt as their standard A=4S5. 
I The relative values of the notes composing the gamut's 

shown in the following table : — 

-CDE F G ABP 

a. 258 288 320 U\\ 384 426) 480 S12: 
I Vibration ratio C |C JC JC \C JC ^C ^C 

^LXntervala . . ^~\~^ i^ || I ^ j H 

1 



Vibration No. 2 
Vibration ratio 

^rlntervalfl - - ( V H ! V S 

An inspection of this table shows that the intervals 
jetween the successive tones are not equal, but are w 
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iree kinda, — -f, called a major tone; -^, a minor tone, and 
L, a major semitone, — and that they succeed each other 
. a definite order. If a note be raised by a chromatic 
imitone, |^, it is said to be sharj^ened, and if lowered by 
J, to be flattened . 

209. The Tempered Scale. — If C were always the key-i 
ote, the diatoiiic scale would be suiEcient for all purpos* 
Kcept for minor chords ; but if some other note be choseal 
)r the keynote, in order to maintain the same order ofi 
itervals new and intermediate notes will have to bej 
itroduced. For example, let D be chosen for the key- 1 
ote, then the next note will be 288 x | = 324 vibrations, ' 

number differing slightly from E. Again, 324 x ^ = 
60, a note differing widely from any note in the series. 
ti like manner, if other notes are taken as keynotes, ancLH 

scale is built up with the order of intervals of thf 
latonic scale, many more new notes will be needed^ 
'his interpolation of notes for both the major and minow 
>ales would increase the number in the octave to se 
Wo. 

In instruments with fixed keys such a number is unman- J 
?eable, and it becomes necessary to reduce the numbi 
7 changing the value of the intervals. Such a modifica^B 
On of the notes is called tempering. Of the severa 
■ethoda proposed by musicians, that of equal temperamewlM 
■ the one generally adopted. It makes all the intervabij 
■■om note to note equal, interpolates one note in eackfl 
'hole tone of the diatonic scale, and thus reduces tha 
'Umber of notes in the octave to twelve. Each interval i 
Ba semitone and equals V2 or 1.05946. The only accu- 
^tely tuned interval in this scale is the octave ; the thirds 
W sharp, and the fifths flat. The following table shows 



i 
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the differences betweeu the diatonic ajid the equally 
tempered scales: — 

C D E F G A B 

Diatonic . . 25« 288 320 841^ 384 426.7 480 
Tempered . . 258 287.3 322.5 341.7 383.6 430.5 483.3 512 

Froblenui. 

1. If a bell is struck with a hammer, the somid gradnallj "dies 
away." Explain. 

3. Why ia the pitoh of the aound emitted by aphoDograplmiMd 
by increasing the speed of the cylinder ? 

3. What ia the leugth of the sound waves in air produced 
tuning-fork vibratiug 320 times per second, the temperatore beiiig 
20=C.? ^'i.L L^^ 

4. What is the vibration rate of a reed tliat produces waves ISiffl 
cm. long in the air, the temperature being 20° C.V 2^^,b [ i i 

5. Water is poured into a, cylindrical jar till the air column M& 
forces the sound of a tuning-fork. The length of the aircolnmni 
then 33.03 cm. and the temperattire of the nil 20" C. What vibnt|i9 
rate of the fork do these facts show 7 "> S" (-. V » i 

6. A siren has 24 holea in the plate and makes 1000 revolutioiuii'' 
1 min. What is the frequency of the note emitted? . . 

7. The -wheel of Savart's apparatus has 30O teeth, and raato'^ 
revolutions per minute. What is the frequency of the note emitW' 

8. CalcuJata the length of the shortest air column in a oyUni''* 
jar that will strongly reenforce the sound of a tnning-fork havinj* 
vibratiou rate of 512, the temperature being 16° C. J L ■ 'I C* 

9. How many beats are produced per second by the two — 
" middle C " and D of the same octave in the diatonic scale (physiu*^ 
pitch) ? 

10. Calculate the pitch of D sharp and E flat in the diatonic x»!* 
(physicists' pitch). 






L. Taking C (259) as the keynote, calculate the frequency of the 
)r triad. What notes on the diatonic anale give this chord? 



[ the note a fourth above ■' middle 
its wave length when the tempera-! .' 



2. Calculate the frequency 
^physicists' pitch). What . 
of the air is 16" C? . 

3. Standard pitch is based du A = 135. Calculate the frequency 
middle C " diatonic scale and " middle C " equally tempered scale. 



1. Calculate the interval between a 






ind a major 1 



5. How many vibrations give the major third, the fifth, and the I 
ve respectively of E = 320 (diatonic scale) ? 

6. Calculate the wave length of the note E which is athird above J 
ddle C," the temperature being 10" C. Use physicists' pitch. 

7. A tuning-fork is held over a long glass tube partly filled with 1 
»ld water. The maximum reenforcement of sound occurs when I 
air column in the tube above the water is 52 cm. long. Find the ' 
ntdon number of the fork. , , , . 



IX. VIBRATIONS OF STRINGS. 

110. Kode of Vibration. — Strings when used for the 
"duction of sound, are fastened at their ends, stretched 
the proper tensiou, and made to vibrate transversely 
tier by drawing a violin bow across them, striking them 
;li a light hammer, or plucking tbem with the fingers. 

I examination of any stringed musical instrument, aa a 
'lin, will make it evident that by varying the tension, 
^ length, or the mass per unit length of the wires or 
ingSitones of any desired pitch may be secured. 

111. laws of Strings. — In order to study the laws 
'erning the vibration of strings, an instrument called a 

It consists of a thin wooden box (Fig. 



I 

I 
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108), Dear the eads of which are fixed bridges. A and D.' 
Wires or atringfl may be stretched lengthwise of the box' 
by attaching them to the pinn set in the frame at one end 
»nd to the weights at the other, the wires passing over 



3 

i 




pulleys, as at JV. By means of a movable bridge, B, the 
length of a wire may be shortened at pleasure. Below the 

wires there is a scale of equal parts. 

Experiment. — Stretch two similar wires on the sooometei and 
tune theiu to unison by varying the weightfl. With the moTabk 
bridge shorten one of them auccessiTelj to f. J, [, f, etc. The aucce*-, 
Bive inteirals between the notes given by tlie long wire and the short- 
ened one will be {, }, ), |, etc., and the notes emitted bj the wire of 
variable length will be those of the diatonic scale. Hence, 

J The Law of Lengths. — The tension and the diameter 
being constant, the vibration number varies inversely at tht 
length. 

Experiment. — Stretch two similar wirea with unequal knovi 
tensions. Shorten the one of lower pitch till it is in unison with ii» 
other. The ratio of the lengths will be that of the square root of til 
tensions. Hence, 

The Law of Tensions. — Tlie length and the diamettt 
' being constant, the vibration number varies as the square roiA 
of the tension. 
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for example, the tensions are as four to one, the 

bhs will be as two to one for unison. The double 

fch reduces the vibration number to one-half, and this 

otion is offset by the double frequency due to the 

quadrupling of the tension. 

Ezporiment.— Stretch equally two ■wires differing in diameter and 
tnaterial, that is, In mass per unit length. Bring them to unison 
with the movable bridge. The ratio of the lengths will be the inverse 
of that of the square roots of the masses per unit length. Hence, 

The Law of Masses. — The length and tension being 
constant, the vibration number varies inversely as the square 
root of the mass per unit length. |_ 

212. Applicatiom. — In the piano, violin, harp, and other 
stringed instruments, the pitch of each string is deter- 
mined partly by its length, partly by its tension, and partly 
by its size. The tuning is done by varying the tension. 

/ 
X. OVERl'ONES AND UARMONIC PAltTIALS. 

213. Fundamental Tone. — ILxpeilmeDt. — Fasten a silk thread 
to one proag of a large tuning fork (Fig 109). Set the fork vibrat- 
ing and apply tension to the thread till it vibrates as b, single spindle. 



^ 



ixperiment illustrates the manner in which a string 
I vibrates when emitting its lowest tone. The 
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fundamental lone of a vibrating body is the lowest tu: 
that it can jield. It is produced when the body vibrate 
as a whole, or in the smallest number ol segments pos 
sible. 

214. Nodes and Ventral Begmenti. — Bxperimeiit. — Proca^* 

Q the lost experiment, it will be foaod that uoder a aoil&bl 




Fl(. 110. 

tension the thread citn be made to vibrate in a number of paita (Fxfr 

110), giving it ttie appearance of a successioo of spindles. 

EzperiniGiit. — Stretch a wire oa the gonometer with a thin slip » 

cork strung on it ; then touching the cork lightly at one-third or on*- 

^^^Jpurth, or any aliquot part from one end (I'ig. Ill), bow or plucfc 61'' 

r 



shorter portion. The wire will vibrate iu equal aegments. This wf I 
be made more evident by placing narrow V-ahaped pieces of p«p*f ' 
or riders, on the wire before bowing it. Some of them will be throWO i 
off, and others wilt remain on, marking the places of maiimam ni 
of minimum vibration respectively. 
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rhe intermediate points of minimum vibration and t 
Is are called nodes ; the vibrating portions between t 
lea are called loopg or ventral segments ; and the mlddlftj 
nts of the loops are called the antinodet. The experi- i 
nt alao illuatratea stationary waves. The nodal points 
caused by the bowed segment sending out waves along 
wire, which interfere with similar waves reflected 
m the opposite end. The distance between two nodes ^ 
talf a wave length. 



Idlt^H 
-nta ^ 



!15. Overtones and Harmonics. — Experiment. — Stretch a wire 
;he sonometer and set it in vibration by plucking or bowing it near 
end. The tone heard most distinctly is its fundamentail. Touch 
wire lightly at its middle point. luatead of stopping the sound, a 
e an octave higher will be heard, showing that the wire is vibrating 
;wo parts. If the wire be again plucked, both sounds can be heard 
ether. Touching the wire one-third from the end brings out a tons 
octave and a fifth higher, showing that the wire vibrates in thirds 
tha same time that it is vibrating as a whole. With a long string, 
J> possible to prove that a still further subdivision of a vibrating 
ing takes place. In conducting such experiments, care must 
ircised in selecting the point at which the string is plucked, for it 
Ident that there can be no node at that point. 

The tones produced by sounding bodies vibrating 
irta lire called overtones or partial tones. If the vibratioi 
te of an overtone is an exact multiple of the fundamen- 
1 it is called a harmonic partial. In strings the over- 
ine8 are usually harmonics, but in vibrating plates and 
embranes they are generally not. The overtones are 
UnedjSrgi, second, third, etc., in the order of their vibra- 
On rates as compared with that of the fundamental, 
he frequency of an overtone is found by multiplying the 
ndamental by a number one greater than the number of 
twertone. For example, the frequency of the first 






176 BIGS SCHOOL FBTSICB. 

overtone of C = 256 is 256 x 2 = 512, that of the second 
is 256 X 3 = 768, and so on. 

XI. VIBRATION OF AIB IN PIPES. 

216, Gaaes as Sonrcea of Sound. — It was seen in the use 

dof the resonator that gases can be thrown into vibration 

When they are oonfiaed in tubes or globes, and that tbej 

■bus become sources of sound. Such a column of gas can 

Ice set in vibration in two ways : by a vibrating tongue. 

in reed instruments ; or by a stream of air striiing 

gainst the edge of a lateral opening in the tube, as in the 

whistle, flute, etc. 

217. Laws for Air Columiu. — Ezp«rimeDt. — Fit a cork pus- 
ton in a glass tube whose lecgtb is about SD cm. and diameter S.S sfli. 
With 8 piece of lira^ tubing flattened at one end direct a stream of ^ 
acroBS the mouth of the tube. If the position of the piston, as well >■ 
the force of the blast, be right, the tube will yield a pure tone. IE*8 
shorten or lengthen the air column by moving the piston, the pitch w 
the tone will rise or fall accordingly. If we determine by trial Ihe 
different lengths necessary to give the gamut, a comparison of 
them will give the continued ratio, 1 : ! : I : | : | : | : A ■ J (S ^)' 
showing that. 

The frequency varies invertely as the length of the Otf 
column. 

Experiment. — Prepare two glass or paper tubes, 20 and 10 cm. 
long, respectively, and about 2 cm, in diameter. Hold the hand otef 
one end of the shorter tube, and blow across the opeci end so 
produce its lowest pure tone, A comparison of this tone with tbl« 
obtained by blowing across one end of the longer open tube will sho* 
that the pitch is the same. Hence, 

For the same pitch, the open pipe is twice the length of Hn 



lite of Air m Sounding Tubes. — Experimeat. - 



X 



ying an organ pipe, made either of glast 
,12), lower into it, as it emits its fun da mental, a 
lambrane covered with fine sand. Tlie sand will 
at«d the least at the middle of the tube, and most 
ends. The vibration of the air in the pipe is longi- 
]. A node is a place of least motion and greatest 
: of density ; an anlinoile is a place of greatest mo- 
id least change of density. The closed end of a 
necessarily a node, and the open end an antinode. 



open pipes, for the fundamental tone, there 
lode at the middle and an antinode at each 
in stopped pipes there is a node at the 
;d end and an antinode at the other end. 
e pipe or tube acta as a resonator, and for 
indamental tone the length of the closed 
,s one-fourth of a wave length ; since the 
pipe has a node in the middJe, its length 
be half a wave length. 



. Overtones. — Experiment. — Blow a strong 
loross the end of the long tube used in Art. 217, 
itioe that notes of higher pitch than the fundamen- 

produced. These are oi'erlones, caused bj the air 

I vibrating in parts or segments. In proof of this, insert a 1 

in the tube, and b; means of it shorten the air column till it 
IS its fnndameutal the overtone previoualj obtained. 



ice there can be no motion of the air at the surface j 
i piston, it must mark a node ; and since the tone is 1 
mged by the presence of the piston, there must have j 
a node at that point before the introduction of the 1 



lien an open pipe yields its fundamental there is a 
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e at the middle ; hence to yield higher tones tbera 
must be added one, two, three, or more nodes so placed' 
that there will be an antiaode at each end. A, B, and C, 
of Fig. 113, illustrate the division into segments of an open, 
pipe. If A gives the fuadamental, then B must gives 
tone an octave higher or tlie first overtone, since the M 

e is one-fourth from tfce end. In C, the node is one- 
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ixth from the end, and the frequency is therefore 
■ftimea that of A, or the overtone is the second. -Hence, ■ 

In open pipes the complete series of overtones is possible- 
For stopped pipes, the open end is always an antinod* 
and the closed end a node ; then by adding succeasively ' 
node we have the conditions shown in tubes i), S, F, o» 
Fig. 113. If D is the fundamental, then the vibrfttioH 
rate of S is three times that of B, giving the second ov^J^ 
tone, since the. node is one-third from the end. In likl 
manner F is the fourth overtone, the node being one- 
£rom the end. Hence, 
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n closed pipes only those overtones are possible viAosei 
ation rates are 3, 5, 7. etc.. times the fundamental. 



t- 



1. How can any particnlar OTertone be excluded from the compter 1 
I of a vibrating string ? 

2. If the JD string of a violin is 15 iiichea long, by how mucli miiai ] 
s flhortened to sound G? \ 

3. A string stretched by a weight of 2S lb. sounds the not^ E. \ 
dt tensioD must be given to it to sound the C below? 
(. A wire on a nionocbordisSft. long and vibrates in unison withi^ J 
ning-fork marked C (256). By shortening the wire a foot what \ 
uency will the emitted note have? _-.' J,' ' 
5. A wire stretched on the sonometer is provided with a movable^ 
ge. The wire is 120 cm. long and gives the note C (236). What ] 
ths must be given the wire succesaively by means of the bridge to J 
uce the notes of the gamut ? 
S. A string is stretched by a weight of 9 kgm. What tension murt I 
iven to it so that it will emit a note a fifth higher? ^(j • X'fi-f 
1. Two wires of the same material and length are stretched by 

.1 weights. The first wire has twice the diameter of the second. 
Lt change miiat be made in the tension to put the wires in unison 1 
I A wire under tension vibrates with a frequency of 258. What' 
Id be the frequency, if the wire wera half as long, twice as thick, 
under onenjuarter of the tension? 

9. A string stretched by a weight of 16 kgm. gives a, certain note. 
Kond string of the same length and material gives the same note V 
!n stretched by a weight of 25 kgm. What are the relative 
neters of these strings? 

0. A steel and a silver wire of the same diameter and length are 
tched with equal tensions. Their specific gravities are 7.8 and 10.6 '^ 
leetively. What will be the frequency of the silver wire, that of 
ateel being 200? 

1. A cord stretched with a. force of 10 lb. gives the note C. What 
uj^^ Btretching force to cause it to give the note ti? 
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12. What is the length of a closed org&n pipe th&t Bounds E (330) 
when blown with air at 20" C. ? > '^ , (? _. __ 

13. A closed organ pipe is 1 ft, long. What ia the frequency 

of the fundamental note, the taraperature of the air being 15° C? Jf^ J 

14. Calculate the frequency of the first four erertpnes of an op«a 
organ pipe whose frequency is 64. ,■ "i ^ - ' 



15. The lowe.it nota o 
if an open pipe that give 



a pipe organise (16). Calcnlale the lang* 
I this note when the temperature is 2-2° C. . 



Notk: — If the following problema are found to be too diffical'i 
the teacher may omit them at hia diacretion. The same remtf^ 
applies to the last prpbtems in several other seta. 

16. A certain stopped pipe gives C (256) when blown with air "^ 
10° C. What will be its frequency when blown with air at 20° C? - 

[Find the length of the wave at 10° C. This value combined witJ* ' 
at 20° C. will determine n.] 

17. A closed organ pipe sonndsthe noteE (820). Whatnote***" 
its two lowest overtones? 

18. An open organ pipe sounda C (258). What change mnst ^* 
made in its length in order that it may give the note E instead? '""^ 

19. A closed organ pipeia 2 ft- long. Whatisthe frequency of t^* 
first three overtones, the temperature of the air being 18° C. ? 

ZO. An open and a closed organ pipe ai'e each 3 ft. 9 in. lofS' 
Calculate the wave lengths of their fourth overtones reapeotively. 



i . 



XII. QUALITY OF SOUND. 



220. Deflnition of Quality. — Two of the essential char**'- 
teristicB of musical sounds have already been eonsidere<*' 
namely, pitch and loudness. There is a tliird importao* i 
difference between musical sounds. We easily peroeiv« 
that one sound differs from another not only in beii^ 
more acute or grave, louder or softer, but also in respect 
to the character of the sound. "We have no difficulty iD 
distinguishing the notes of a piano from those of a violini | 
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!ven though they may be of the same pitch and apparel 
.oudness. Similar differences enahle us to distinguish one 
voice from another in speech and in song. Even the 
ontrained musical ear can readily appreciate differences 
in the character of the music produced by different 
instruments of the same class. All such differences, not 
is&ignable to pitch or loudness, are included under the 
«rm quality. Those characteristics of a sound that 
nable one to refer it to its source are called its quality. 

SSI. ftnality due to Overtones. — ETperiment. — Pluck the wire 

Si sonometer at tha middle and compare the sound witli that given 

ta «ii the wire is plucked near one end. In the first cose the tirst and 

xvd overtones are necessarily lauking (§ 215), while in the second 

^ whole series is prohably present. 

-Although these two notes are of the same pitch, yet 
t^re is a marked difference in their quality, caused by 
i^ difference in their overtones. The sound waves in 
i-csh case are the result of compounding the fundamental 
ith the overtones present, fitch depends on the wave 
i^>agth ; loudness on the amplitude ; and quality depends 
ipon the only other physical difference between aerial 
'*vi.nd waves, namely, their vibrational form, due to the 
fflative phase and intensity of the overtones. When the 
"indamental is relatively strong, the overtones being few 
*Q<i weak, the tone is fnll and mellow ; but when the 
'ttndamental is 'weak, and the overtones numerous and 
strong, the tone is metallic. 

Differences in quality are to be referred to the series of 

Wertones present in each case. Voices differ for this 

teason. Violins differ in sweetness of tone, because the 

Sounding-boards of some bring out the overtones differ- 

M^^rom others. Voice culture consists in training an^^i 
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developing the vocal organs and resonant cavities, to thfl 
end that purer overtones may be secured, and greater riei- 
neas may thereby be imparted to the tones. Often-in the 
reflection of sound by distant objects its character ia 
greatly changed, on account of the partial or complete 
suppresaion of the fundamental or some of the overtones 
in the proceas of reflection. 

222. AnalyaiB and Synthesis of Bound. — Helmhoitz coiV' 

structed ii series of resonators of different sizes, like those 
of Fig. 103, one to reenforce a certain fundamental too* 
and one for each of its overtones. By placing these reso- 
nators successively to the ear, when the fundamentai- 
tone is sounded, the presence of any of its overtones i* 
indicated by the resonator responding. Proceeding i*" 
this way, Helmhoitz demonstrated that quality of soua'i 
is determined by the overtones present ; that to give ^ 
tone richness and sweetness the first four or five overtones 
are essential. 

Helmhoitz also proved that a sound of any quality may 
be built up by combining a fundamental tone with over- 
tones. To do this he employed a set of tuning-forks, 
kept in vibration by electromagnets (§ 455). The set 
consisted of ten forks, nine of which sounded the over- 
tones of the tenth. Each fork was provided with » 
resonator to strengthen its sound. By means of a set ot 
keys any particular resonator could be brought into 
action, and the sound of the fork made audible at » 
distance. 

Xin. HARMONY AND DISCORD. 

223. Consonance and Dissonance. ^ Experiment. — Tune tKf^' 
wires on the sonometer to nniaon. By the movable bridge raiMftin 
piteh of one wire a fifth. When the wires are plucked, the combination 



9 will be dtiiagreeable.' J 

When two notes diflEer in pitch and their combinatioiK 
agreeable to the ear, they are said to be consonant^ 
hen disagreeable, dissonant. 
Helmholtz concluded that dissonance is due to beats 
B even expressed their relation quantitatively to thi 
"ect that dissonance occurs when the number of beatfl 
lecond is between 10 and 70, and that maximum discort 
caused by 30 or 32 a second. Later investigators havi 
awn that the number of beats that produce the greatesH 
iGord is not constant, but depends upon the pitch. 
ats may be regarded as the physical aspect of discord.J 
ley are still recognized as one cause of it, but psycholo- 
it« are now agreed that discord cannot be defined bjj 

ProUemB. 

1. What aie the three characteristica of a musical sound? 

2. Why i3 there a difference in quality in the sounds given 1: 
«n. and closed pipea 'I 

3. Why are overtones not always hat 

4. Why is the tone of a violin richer than that of a flute? 
S- llie hammer of a piano commonly strikes the wire at a diataao<$ 

1 about one-seyenth its length from one end. Why is this bettff 
'UQ striking it at the middle? 



XIV. VIBRATING RODS, PLATES, AND BELLS. 

234. Vibration of Eods. — Rods of metal, of wood, and o£J 

{lasa may be made to vibrate either transversely or longi-j 
ludinally. A rod may be vibrated transversely by fixin 
I drawing a violin bow across the free end, or bjl 
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■'Striking it with a suitable hammer ; it may be set 
tudin&l vibration by clamping at the middle and 
lengthwise with a cloth dusted with powdered 
resin. A moist cloth is better for glass. The 
jews'-harp, the music-box, and tlie coiled-wire 
gong of a clock are illustrations of the transverse 
vibration of rods or plates clamped at one end. 
The tuning-fork may be regarded as an elastic 
bar free at the ends, and supported in the middle 
by a stem which is subject to all the motion of 
the middle of the ventral segment, giving it an 
up and down movement which is transmitted to 

' the supporting sounding-board (Fig. 114). The 
overtones are of high pitch and feeble intensity, 
and soon vanish, leaving the tone pure. 



in lon^- 

stroking 
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Support a. brass <r 
glass piste, J 
shown in Kg. 
115. ScstKi * 
little fine owi 
eyenly ore 
touch theplBtei' 
point *ili 
the finger, wl* 
a violin bo« '* 




f<ige. Tbe i)l»» 
is t.hrown into"" 
bration, the »»* 
arranging itself i" 
ajmmetrical Af 

whose 
plexity incrta** 
aa the piteh "* 
higher. 
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1 These sand figures make it clear that the plate vibrates 
■ransverselj in segments, the sand being thi-own to places 
>f least vibration, which He between parts having opposite 
notions. The arrangement of nodal lines is detei-mined 
)y the relative position of the point bowed to that pressed 
>y the finger. This method of studying vibrating bodies 
Bras first employed by Chladni, and tlie figures are called 
[^hladni's figures. 

Vibration of Bells. —Experiment. — Draw a violin bow across 
^e edge of a large bell or goblet half full of water. It will yield a 
bofflcal sound, and at tlie same time the surface of tbe water will be 
freatly agitated in sections corresponding to the several segments 
iito which the vibratdng body is divided. • 

For the fundamental tone the bell divides into four 
legments, the pitch rising with the number of segments. 
Powdered sulphur sifted evenly on the water will make 
t^fl position of the nodes more conspicuous. 

SV. GRAPHIC AND OPTICAL METHODS. 

6. BrapMc Uethoda of studying sound are of service 
in determining the vibration rate of sounding bodies. In 
one of the simplest a small style is attached to the 
vibrating body and 
tmces its move- |]i I J^''^'^i\t 

nienta upon a piece I /,..... N A 

of smoked paper or 

glass, which moves 

Uniformly beneath 

It. Generally, the 

piper is wrapped 

abound a cylinder, mounted on an axis, one end of which 

has a screw thread on it, so that when the cylinder turns 
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it also moves axially (Fig, 116). If the vibrating body 
is a fork, the beats of a seconds pendulum may be me 
on the paper by electric sparks from the style, and the 
number of sinuosities in the line traced on the cyliodef 
between the marks may be counted. The rate of the fork 
is thus easily measured. 

287. Hanometric Flames. — Experiment. — A box with minw 
faces is mounted so as to tunioaaverticalajiBfF^. 117). Infrontri 
tbeae revolving miiws 
is supported a short i^liii- 
der which is divided info 
two parts b J a partition 
of gold-bcater'a 
lUumiDating gaa i 
mitted to one compwt- 
nient; a BmaU gas jet ii 
connected with the n 
one and a, speakiag-tiUJt 
■with the other. 

In a darkened WJi"! 
the image seen ii 
revolving miiror wiD M 
a smooth band of ligl* 
Now sound a heavy C- 
fork in front of tbl 
mouthpiece, or produM 
there any pure tone i tl* 
sarance in the rotating mirror will be that of the upjwr band 0' 
A condensation entering the box acta on the membraO*' 
compressing the gas, thereby extending the flame ; a rarefaoti'* 
entering it produces an opposite effect. Hence a serrated bwid ^ 
Been in the mirror. Now sound a C'-fork, a strong tone an oot>'' 
higher than that first used; the appearance is the second band E" 
Fig. 118, differing from the la-st in having teeth half as wide. I' 
we connect two mouthpieces with the bos, using a T-pipe, and sonW 
the C-fork in front of one, and the C'-(ork in front of the other, «< 
obtain the last band of Fig- 118j the abort tongues of which are 
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O, the octave of C. The same iigute is obtained by singing Uie 

vowel Bound g on the note &f, tthowiBg that this sound 

of the fundamental _ 

combined with tbe first y 

overtone. W^¥ -^F -m:ME','-im^MtYW'-:f' t' J^^-Mt^i 

The experiment I 
shows the possi 
bility of anftlyzin^ 
soutidsbytheBai 
pictures they pro- 
duce, Thismethod I 
was invented by 
the late Rudolph 
Koenig of Paris, 
and it baa the J 
great advantage of I 
Iteiag independent 
of hearing. If this box, or manometrie capsule, as it is 
called, be attached to a Helmholtz resonator, the flame 
■will respond whenever any sound is produced that affects 
the resonator. With a complete set of resonators, each 
( with ita manometrie capsule, a most efficient apparatus is 
provided for the analysis of sounds. 
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CHAPTER V. 



L NATURE AND PROPAGATION OF LIGHT. 

Light, as distinguished from the sensation w 
seeing, is a periodic or undulatory disturbance in * 
medium which is assumetl to exist everjTphere in 8pi»c*i 
even penetrating between the molecules of ordinary 
matter. This medium is known as the etlwr. 1 
waves do not consist of alternate condensations ani 
rarefactions, as in sound, but of periodic transverte wir 
turbances. These disturbances are probably not transversa 
movements of the ether itself, but transverse alterationfl 
in the electrical and magnetic condition of the etbai- 
But whatever may be the nature of the medium, light H 
a wave motion in it, and the vibrations are transverse. 

229. Definition of Terms. — In general, when light fall* 
on a body, a part of it ia reflected, a part is transmittti 
and the rest is absorbed. Transparent bodies allow lig'* 
to pass through them with so little loss that objectB cW 
be easily distinguished through them, as glass, air, _ 
water. Translucent bodies transmit light so imperfeotlj 
that objects cannot be seen distinctly through them, 
horn, oiled paper, very thin sheets of metal or wooO 
Opaque bodies transmit no light, as blocks of wood 
iron. This classification is one of degree ; no sharp liu 
^f separation between these clasae.s can be drawn. 
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Uo body ia perfectly trausparent. If several layers of 
glass are put together, the distinctnesa of vision through 
fcbem diminishes with the increase in the number of 
layers; stars which are invisible at the foot of a moimtain 
fcre often visible at the top. (Why ?) 

230. Speed of Light. — Until 1676 it was believed that 
light travelled instantaneously. In that year Koemer, a 
panish astronomer, was engaged at the Paris observatory 
in. observing the eclipses of Jupiter's moons. Confining 
attention to the one nearest the planet, because its eclipses 
occurred most frequent- 
ly, lie found that the 
tune of the observed 
iclipses did not corre- 
spond with the com- 
puted values derived 
from observations ex- 
tending over a long 
period. He found the 
interval between two 
succeBsive eclipses at 
E and E" (Fig. 119) '^'- '"■ 

the same ; but for intermediate positions this interval was 
greater while the earth was receding from Jupiter in 
going from E through U' to £", and less while approachii^ 
Jupiter again. It was greatest at U' when the earth was 
"loving directly away from the planet. The sum of all 
tJiese excesses from H to S" amounts to 16 min. 38 sec, 
or 998 sec. In accounting for these facts Roemer advanced 
Qie theory that the increase is caused by the time taken 
"3 light to traverse the added distance when the earth is 
.^Ving away from Jupiter, and that 998 sec. represent 
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the time required by light to traverse the diameter of thf 
earth's orbit. This gives for the speed of light abon 
186,000 miles a second. 

In 1849 Fizeau determined the time required for liglit 
to travel a known distauoe on the earth's surface. In 
1850 Foucault showed not only that light takes a measur- 
able time to travel abort distances, but that the speed of 
light varies with the medium. These experiments hav«' 
been repeated in a mollified form by Michelson and 
Newcomb in our own country, and the results, as s^unalll^ 
ized by Professor William Hiirknesa, show that the velocitj 
of light is about 186,337 miles (299,877 km.) a second. 

231. Light travels in Straight Lines. — If an opaqoB 
object, as a book, is between the eye and a lamp, it ioist 
the lamp from view. From such facts aa this we learn 
that linht ia propagated in straight linet. Other facta W 
be considered in a subsequent article (§ 265) maie ^* 
necessary to add the restriction, in a medium having ti® 
same physical properties in all directions. Rays of lig^i* 
are the directions in which light is propagated. These di- 
reetions are radii of the spherical waves and normals 
the wave fronts. When the source is at a great distano* 
the rays are sensibly parallel, and a number of them takfl' 
together constitute a heam of light; for example, in tW 
case of light from the sun or stars, the distance is so gre* 
that the rays are considered to be parallel. Rays of ligl* 
proceeding outward from a point form a diverging peneS 
and rays proceeding toward a point, a converging penal- 

232, Shadows.— Experiment. — Hold a ball or diak betireenll 
f a lamp and a white screen. From a part of the Bcreeli ti 
Ight will be wholly cut off, and aurroiuidlDg this area is one if 
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cb the tight ia excluded in part. If three small holes be made ii 
screen, one where the screen is darkest, one in the part where the 
len is leaa dark, and one in the lightest part, it will be found, on 
ting through them, that the flame of the lamp is wholly invisible 
>ngh the first, part is visible through, the second, and the whole . 
le through the third. 

The space behind the object from wliich the light is J 
iluded is called the ghadow. Tie figure on the screenB 
a section of the shadow. The darker part uf thej 
dow, called the umbra, is caused by the total exclusion J 
the light by the opaque object ; and the lighter part, i 
I penumbra, by it§ partial exclusion. 
iVhen the luminous object is a point, as £ C^ig- 120), , 
n the shadow will be bounded by the cone of rays, 4 




'£, tangent to the object, and will have but one part,J 
umbra. When the luminous body has magnitude, as I 
' (Fig. 121), then the space ABDO behind the opaque 1 
iy receives no light, and the parts between AO and ( 
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AC, aud between BP sind BJy, receive some light, the 
amount increasing oh AC and BD" are approached. [Tiu 
student should draw ligures for the cases when tbs 
luminous body is larger than the opaque body, and when 
of the same size.] 

233. ^a^s by Small Apertures. — Ezperimeat. — Support 
verticnl planes two sheets of cardbq^rd, .-I and B (Fig, 122). In lie 
■ centre of A cut a round hole 
about 2 mm. in diameter ; kA 
place in (root of it, si 
digtaiice of a few ceDtimetreft 
a lighted candle, CD. 
inverted image of tlie fluM 
will be found on the olbs 
sheet. It a triangull 
square hole is used, an etJiuJlf 
distinct image of the candle will be formed, shoiving that the inugt 
is independent of the shape of the opening. Again, if the apertonif 
gradually enlarged, the image loses in distinctness of outline, gum b 
brightness, and gradually aaaunies the shape of the aperture. 

The experiment shows that the definition and the bright- 
ness of the image are independent of the shape of the »pK- 
ture, but are affected by its size. To understand the or^ 
of this image it must be borne in mind that each point of 
the object is the vertex of a cone of rays passing thr(H^» 
the aperture and forming an image of the apertnie o*, 
the screen. These images will be symmetrically plac**. 
with reference to the points emitting the light, and 
sequently will build up a figure of the same form as tn* 
luminous object. Now it is evident that these numenn^'l 
pictures of the aperture overlap in forming a picture 0*1 
the object, the number at any one place determining thftj 
brightness. The edge of the picture will, therefore, ' 
less bright than the other portions, and these different 
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will be more noticeable, the larger the opening. In 
the case of a very large opening, the overlapping of the 
images of the aperture destroys all resemblance of the 
image to the object, the resulting image Laving the shape 
Dfthe aperture. » 

234. lUostrationa. — When the sun shines through the 
anall chinks in the foliage of a'tree, there may be seen on 
jhe ground a number of spots of light, either round or 
jval. These are images of the aun. During partial 
jclipses of the sun such figures assume a crescent shape. 

In the photographer's camera, and in the eye, we have 
further examples of the formation of images by small 
Bbpertures. In these cases, as will be seen in subsequent 
articles, the definition is improved hy means of a lens 
b 269). 

II. PHOTOMETRY. 

235. The Intensity of illumination is the quantity of 
light received on a unit of surface. Everyday experience 
shows that it varies, not only with the nature of the source, 
but also with the distance at which the source is placed. 

236. Law of Intensity. — Eiperimeat.— Cut from cardboard three 
Bquftres, i cm., 8 cm., and 12 cm. oit a side, respectively, moiintLDg 
tiiem on wire supports. The ceutrsH of thew) screens should be uA the 
SUne diataace above the table as the source of light. Use a lamp 
S>^g a sniail, flat flame, aud set it with the edge of the flame 
toward the surface of the largest screen, and distant about one 
"letre. Interpose the mEdium-med screen so that it exactly cuts off 
fte l^ht from the lateral edges of the largest. If the source were a. 
point, the light would now be cut off from the whole screen. In like 
nnnner place the smallest screen with reference to the intermediate 
one. If these screens are placed with care, it will be found that their 
fotances from the light are as 1:2:3. Now as each screen exactly 

the light from the one nest to it in the series, it follows tlial 
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H the some amount of light from the source when it 
not iuUraepteij. The BuHaces of thew ecnens kre ae 1:4:6, u 
heoce the amount of light per luiit of surface must he inversely I 
1:4:9, the squares of 1, 2, and it, respectivelj. 

I Any diBturbaiice propagated in spherical waves mu^ 

J have its energy distributed over a Continually increaeiiig 

area as the radius increases ; and since this area increases 

as the square of the radius, it follows that the energy per 

unit of area must decrease at the same rat*. Therefore. 

■ the intentittf of the illumination varies inversely at Ai 

|Lv square of the distance from the souree of light. The inteiwity 

\Ji of illumination is further decreased because of absorption 

by the turbid medium through which light is traosmitteti. 

237. A Photometer is an inatrument for comparing the 
intensity of one light with that of another assumed as • 
standard. The principle applied is that the ratio of tbfl 
intensities of two lights equals the square of the ratio of 
the distances at which they give equal illuminations. Tlw 
standard in general use is the light emitted by a BperO 
candle of the size known as "sixes," when burning W" 
grains per hour. The illuminating power of a light i* 
expressed by stating the number of times it is greaW 
than the standard candle. 

238. The Bonsen Photometer. — In this photometer, > 

screen of paper, A (Fig, 123), having a translucent BpA 
made by applying a little hot parailin, is supported on 
graduated bar between the standard candle, B, and ti 
light to be measured, 0. When the two surfaces B 
equally illuminated, the spot is scai'cely distinguishayt 
from the surrounding paper. By moving B, this condil 
IB easily secured. Then the candle power of eqod 
Z^ + A^. 



Since the spot never appears exactly like the anr-j 
mding paper, it is better to place a pair of mirror^ 
ming a V, opening toward the edge of A. By lookin' 




them, both sides of A can be seen at once. B it 
[justed to give these images the same appearance. 



1. What is the important difCereace 
itween Bound and light? 
8. Why is one unable to 
om h bright room to a dark 

3. Why eaiinot one see thr 

4. In the formation of ai 
nim^e lose in distinctness 



dietinctly when c 






Qugh a bent tube? 

I image by a small aperture, why does 
aa the aperture is enlarged? 
'8. If the diameter of the earth is 80O0 mi., that of the sun 888,000 
S., and the distance of the earth from the sun 93,000,000 mi., 
l»t is the length of the earth's shadow (umbra) t 
S. If the diameter of the moon is 2100 mi., what is the length 
t the moon's shadow (umbra) if the aun'.t diameter is 866,000 mi., i 
Id the moon's distance from the sun, l):J,OO0,OOO rai.7 
J. In an attempt Xo determine the height of a church steeple, it 
» found that the point of the shadow on the ground was 40 ft. i 



196 HIGH SCaOOL FRi'SICS. 

from the base of the steeple, while that of a vertical pole 10 ft. long m 
2 ft. from the foot of the pole. What was the height of the eteeplel 

S. Id the use of a Bunsen photometer to nieaaure the candle power 
of an incaiideace&t lamp, it was found that for equal itlutuiDation 
an both Aides, tlie distance of the standard candle vas 10 cm. torn 
the screen, and the lamp was 3S cm. \^'hat was the candle power of 
the lamp? ' J ■ ■,' 'Jf 

9. Two lamps, one of 5 candle power and the other 20, are plaKd 
150 cm. apart. Find the position of a screen between 'Uie two lighta 
that will be equally iUuminaUid by them, 'u'L - ,, 

10, A lamp of 10 candle power is placed 5 ft. from a screen, ud 
a second lamp of 20 candle power is placed 10 ft. from the ecrew. 
Compare the intensities of illumination. j ' | 

11. Uow close to a wall must a 20 candle jxiwer lamp be pliLcd to 
produce the same illumination of the waif as a 2000 candle power 
electric light distant 1000 ft. ? ' i-jo U 

III. REFLECTION OP LIGHT. 

239. Begnlar Reflection. — When a beam of light isSt 
on a polialied surface AO (Kig. 124), the greater psri 

of it is reflected in 
a definite direction' 
The angle that the 
incident ray make* 
with the normal PS 
to the reflecting sur- 
face at the point W 
incidence is called t** 
angle of tncidaiix, s' 
IBP ; and the angle 

between the reflected ray and this normal is the angle f 

reflection, as RBP. 

240. Law of Beflection. — Eicperiment. — A semicirevdar bosri 
is provided with two armsi'ivoted at the centre, one carrying aUghtrf 
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die and a coavei: lens (§ 26fl), the other an oiled-paper screei 
( (Fig. 125). A plane mirror ia mounted at the centre of the Bemi- 
ile, with ita reflecting surface parallel to the diameter. A scale on 
edge of the semicircle has ita zero in a, normal to the mirror. The 
t lena, with a wire bent acrtiaa it, is so placed lliat the shadow of 




' wire, aft-er reflection from the mirror, ia focussed sharp and clear ■ 
the ecreen by the aecond lena. Now give the candle-arm an^fl 
ired poMtion and move the screen-arm till the shadow of the wire* 
B across the middle of the screen. The arms will be found oliB 
iminatioii to make equal angles with the normal to the mim 

Hence, the angle of reflection is- equal to the ani 
idence, and the two angles lie in the same plane. 



!41. SiftUBedBeflection. — Experiment — Fill a large glass 
Ji smoke. Cover the mouth with a piece of cardboard, ia whicll.J 
a hole about I cm. in diameter. With a small hand-glass reflei 
Wftin of sunlight into the jar throiigli the hole in the cover. Tl 
lole interior of the jar will be illuminated. 

The Bmall particles of smoke fl-oating in the jar furnis 
great many surfaces. The light falling on them iav 
lected in as many different directions, the result bein^ 
B diffusion of the beam. 
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All refiecting surfaces, to a greater or less extent, scattei 
light in the same way as these smoke particles, on account 

I of the irregularities of their surfaces. Figure 126 illiu-j 
teates the diEFerence between a perfectly smooth reflector 

and reflectors as they actually are, more or less 
according to the degree of polish. 

It ia by diffused reflection that objects become vJeibls 
to us. Perfect reflectors would be invisible. The tie* 
the ground, the grass, and particles floating in the s^i 
reflect the light from tlie sun in every direction, and thm 
fill the space about us with light. Aeronauts tell ne ^ 
when they reach very high altitudes, the sky grows falatfc 
owing to the absence of floating particles to diffuse I" 
light. 

\ 242. A Mirror ia any smooth surface. A plane mif^ 
" is one whose reflecting surface is plane, A spher^ 
mirror is one whose reflecting sui'face is a portion of w"^ 
surface of a spSiere. 



243. Image of a Point in a Plane Kirror. — Let A^^ 

luminous point in front of a plane mirror MN (Fig. \^ 
Any ray AB incident on the mirror ia reflected in tl* 
direction BS, making the angle of reflection FBD eqo* 
that of incidence FBA. (Sea Appendix.) In lik* 



II Ol] 

i 



199 



t second ray, as AO, ia reflected along CE. If 
on are produced, they meet at A', Join A and 
5n AA' is perpendicular to MN, * and A' ia as far 
MI^ aa A is in front. Since AB and AC are 

rays diverging 
and incident on 
ir, it foUowa that 
'rora A, incident 
aust be reflected 
T a.s if they came 
oint as far back 
.8 vl ia in front, 
le eye placed at 
receive the rays 
Y came from A'. 
it A' is accord- 
led the image of A in the mirror MN^ and id 
i a virttml image, because the light only apparentlif 
)in it. Therefore, the image of a point in a plane 

virtual, and is as far back of the mirror as the 
in front; it may be found by drawing from the 
lerpendicular to the mirror, and producing it till 
li ia doubled. 




nage of an Object. — Since the image of an object 
emblage of the images of its points, it follows 
image of an object can be located by finding those 
,nts. Let AB ("Fig. 128) represent an object in 
the mirror MJV. Drop perpendiculars from the 



ASK:= DB!f==A'BE:. .-. ABN=A'BN. Angie ACK 

A'CE. Henoe, the triaugles ABC ami A'BC are equal, and 

In the triangles AKB and A'KB, it follows that the angles 

;bl augles, and AE= A' K. 
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poiDts of the object to the mirror, and produce them til 
their length is doubled. Then A'S' is the image of ASi 
It ia evidently virtual, erect, and of the same size at tM 
object. 

Tlie rays which form the 
image for one observer 
not tliose which form it ioi 
another. Let E and S' rep« 
resent two different observ- 
ers. To find the path of the 
rays which enter the eye st 
E, draw lines from A' and 5* 
to E. The intersections of 
these lines with MN are the 
points of incidence of the 
■""■ "°" rays from A and B vhiclu 

are reflected to E. In like manner we may trace the pa& 
of the rays for the position E'. 

249. Experimental Proof of the Fosition of the Imaga.— 

Experiment. — Support it pane of window glass in u, vertical positiw- 
On one side of it place a lighted canille, and on the other a tu 
of water, eacli at the same distance from tlie gla^a, and in a liu 
pendicular to it. An image of the candle will be eeeo in the tninUd 
of water, showing that the image is as far back of the mirroi" se t™ 
object is in front. 

The experiment also explains how many optica! illn- 
sions, such as Pepper's ghost, are produced, A larfi* 
sheet of unsilvered plate glass, with its edges hidden fW" 
view by curtains, is so placed that the audience have M 
look obliquely through it to see the actors on the stags- 
Other actors, strongly illuminated and out of view by tho 
audience, are seen by reflection in the glass and appear 
I the stage. The magic cabinet and the heal* 
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without a body are also illusions produced by the aid of 



mirrors. 



r246. Multiple Reflectioil.— Experiment. — Support two mirrora 
so that their reflecting surfaces form an angle. If a. lighted candle be 
placed between them, several images may be seen in the mirrors; 
J three wlieii at right angles, the number increasing with the diminntion 
of the angle. When the mirrors are parallel, all the images are on a 
straight line perpendicular to the muTora. 

These several images are caused by the successive reflec- 
I tion of the light from the mirrors ; the image in one mirror 
I serves as an object for the second mirror, and the image in 
the second becomes in turn an object for the first mirror. 
]n Fig. 129 the two mirrors 
are at right angles. 0' is 
the image of in AB, and 
is found as directed in § 244. 
0"' ia the image of 0' in 
AC, and is found by the 
perpendicular O'O'". 0" ia 
the image of in AO, and 
Since the mirrors are at right 
angles, 0'" is also the image 
of 0" in J_B. 0"' is sit- 
•Wted behind the plane of ''' 

hoth mirrors, and no images of it are formed. All the 
^agea are situated in the circumference of the circle 
whose centre is A and radius AO. It E is the position of 
the eye, then 0' and 0" are each seen by one reflection, and 
0"' by two reflections, and for this reason it is less bright. 
^0 trace the path of a ray from 0"', draw 0"'E, cutting 
at b, and from the intersection b draw h 0", cutt 
Join aO : the path is OabE. 
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447. lUiiBtratioiu. — -The double image of a bright eUi 
^d the 3e\eral iiuagea of a gas-jet in a thick mirror 
(Fig. 130) are examplea 
of multiple reflection, ibe 
front surface of the mir- 
ror and the metallic anr- 
face at the back setring 
as parallel reflecton, 
Geometrically the num- 
ber of images is infinite; 
but on account of their 
faintness only a limited 
number is visible. The 
kaleidoseope, a toy 
vented by Sir David 
Brewster, is an inte^eB^ 
ing application of the 
same principle. It con- 
sists of a tube containing 
three mirrors extending its entire length, the angle be- 
tween any two of them being 60". One end of the tabe 
is closed by ground glass, and the other by a cap with » 
round hole in it. Pieces of colored glass are placed loosely 
between the ground glass and a plate of clear glass parallel 
to it. On looking througli the hole at any source of ligiiti 
multiple images of these pieces of glass are seen, symmet- 
rically arranged around the centre, and forming beautiM 
figures, which vary in pattern with every change in thf 
position of the objects. 

248. Deviation by Revolving Mirror. — If a ray of ligh 
is incident on a plane mirror, and the mirror ia tuma 
1 an angle, the angular deviation of the ray will 1 
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louble that of the mirror. Let the ray AM be normal to 

She mirror (Fig. 131); it will theu be reflected back ojj 

Itself. Turn the mirror through the 

ingle 9 (theta); the normal AM is 

burned through the same angle, so 

that the angles of incidence and reflec- 

bioa are now both equal to 6. The 

fleviation of the reflected ray is the 

angle AMB or 2 0. 

This principle is applied in raeasur- 
jng small movements of cotation, 
tenometers ; 



; in reflecting gal- 
: not only is the deviation doubled, but 
me ray of light acts aa a long weightless pointer, thu»^ 
|dding greatly to the eenaitiveaeas of the instrument. 



219. Spherical Uirrors. — A mirror is gpherical when itfl 
reflecting surface is a portion of the surface of a sphe. 
tf the inner surface is polished for reflection, the mirror i 
toneavei if the outer surface, it ia convex. Only a 
lortion of a spherical surface cut off by a plane ia used a 
)r, and its boundary is therefore circular. T 
centre of the mirror is t 
centre of curvature of t 
sphere of which the reflecbJ 
ing surface is a part. Th^ 
middle point of the reflects 
ing surface is the pole 
vertex of the mirror, and 
the straight line passing 
through the centre of cur- 
^Wure and the pole of the mirror is its principal axis. 
Any other straight line through the centre and inter- 
I mirror ia a secondari/ axis. 




In Fig. 132, MN is the spherical mirror,^ C is the centre, 
A U the pole, BA the principal axis, and J)E and 
gecondary axes. The angle MCN measures the aperW 
of the mirror. 

The difference between a plane mirror and a spherioil 
one is that the normals to a plane mirror are all parallel 
lines, while those of a spherical mirror are the radii of thfl 
surface, and all pass through the centre of curvature. 

250. A Focui is the point common to the paths of 
the rays of a pencil of light after incidence. It is » rrtf 
focus if the rays and waves of light actually pass throa^ 
the point, and virtual if they only appear to do 

251. Principal Fociu of Spherical Hirron.— Ezperimtnt' 

Let the rajs of the sun fall on a concave spherical mirror. Holdi 
graduated ruler iu the position of it9 principal axis, and slide >l()iigi> 
a small strip of cardboard. Find the point where the image of 1^ 
sun is smallest. This will mark the principal focus, and it ii 
one. If a convex spherical mirror be used, the light vill be 
as a broad pencil diverging from a point back of the mirror. 
focus is then a virtual one. 

When a pencil of parallel rays is incident on a concBrt 
spherical mirror, parallel to iM 
principal axis, the point 1 
which they converge after rt 
flection ia called its prindfiii 
focut. In the case of a couTei 
spherical mixror, the prinoip** 
'"'■■ "'' focus is the point on the axH 

hehind the mirror from which the reflected rays divergB 
The distance of the principal focus from the i 
principal Jaaal lengths 




e sectioQS made bf s [ 
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(Fig. 133) be a concave mirror whose centre U " 
C and principal axis is AB. Let ED be a ray parallel 
p BA. Then GB is the normtil at B; and CBF, the 
igle of reflection, must equal EBC, the angle of inci- 
Sinee the ray BA is normal to the mirror, it will 
e reflected back along AB. The reflected rays BF and 
IB have a common point F, which is the principal focus, 
le triangle CFB is isosceles with the sides OF and FB 
5Hal. (Why ?) But when the point B is near A^ FB is 
Huibly equal to FA ; F is therefore the middle point of 
he radius GA. Other rays parallel to BA will pass after 
efiection nearly through F (§ 255), Hence, the prindjjal 
^oew of a concave spherical mirror is real and is half way 
tliaeen ike centre of curvature and the vertex. 



spherical mirror. EB 



LetJtCV"(Fig. 134) be a 
iid BA are rays parallel to 
ie principal axis. Their 
iommon point F, after re- 
fection, is back of the mir- 
ior and halfway between A 
adC. (Why?) Hence, (Ae 
ftiiteipal foctia of a convex 
fkerical mirror ie virtual and 
«^ay between the centre of 
VTvature and the mirror. 



Conjugate Foci. — ^ K a diverging pencil of light ii 
Dcident on a spherical mirror, it is f ocuased after reflection 
a point on the axis which passes through the radiant 
oint or source of Ught ; after reflection the rays diverge 
rom this focus as a new radiant point. Thus, in Fig. 135, 
lie rays BA and BB diverge from B\ BA is reflected 
ftck along its own path (why?), and BB is reflected 
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along DS, makiog tbe angles of incidence and rel 

equal to each other. After reflection they both pass 

thtuugh B' and diverge £roui it. £ and £' are conjugaii 
foci. Rays divergii^ 
from either point will 
converge to the other. 
In Fig. 136, the raya 
SA and BD diverge 
from £ as the radiant 
point; after reflection 
they diverge from S 

behind the reflecting surface, and ^ is a virtual focus. 

B and B' are again conjugate foci, 

In the fii'st caae the source of light is farther from 

the mirror than the 

centre of curvatui-e, 

and the focus is real ; 

in the second case it 

is nearei' the mirror 

than the principal fo- 
cus, and the focus is 

virtual.' 

263, Formation of ImageB. — Experiment.— Darken the ttxm 
and support on the tahlmi spherical mirror, a lamp, andasmallsciwn, 
The lamp and screen must be placed ao that the screen will DotcutoB 
too much light from the mirror. Piace the lamp anywhere beyond to 

I In Fig. 1.55, CD biseota the angle BDH. Hence, -5^ = ^. 
" ' ^ ' B'D B'C 

is close lo A, we may, without eenaiWe error, place BB = BA ani 
B'D = B'A. Put BA = p, BfA =p', CA = r^ 2f. Then BC 

B'C=r—p'. and £. — £^lL, from which - + - 
p' r-p' p J 

ing p and p', wo may compute r ind /. For the 
are negative. 





LIOBT. 207 

tocos, and move the acreen till a clear im^e of the flarae is formed on 
it. Notice the size and position of the image, and whether it is erect 
or inrerted. WJien the lamp is between the focus and the mirror, aa 
tmi^ of it cannot be obtained on the ecreen, but it can be seen by 
looking into the mirror. The same is true for the coovex mirror, 
wliatever be the position of the lamp ; iu these last cases the image is 
& virtual one. 

The experiment illustrates the several relative positions 
of the object and its image for a eoncave mirror, all de- 
pending on the position of the object with respect to the 
mirror : — 

Fint. — When the object is at a finite distance beyond 
the centre of curvature, the image is real, inverted, smaller 







than the object, and between the centre of curvature and 
the focus (Fig. 13T). 

Second. — When a small object is at the centre of 
curvature, the image is real, 
inverted, of the same size as 
the object, and at the centre 
of curvature. 

Third. — When the object 
ia between the centre and 
the focus, the image is real, 
inverted, larger than the 
object, and is bejond the 
centre. 








m BiQB scaoot fhtsxcb. 

Fourth. — Wien tlie object is at the principal focns, 
the rays are reflected 
parallel to the principal 
axis, and no image is 
formed. 

Mfth. — When the 
object la between the 
principal focus and the 
mirror, the image is 
virtual, erect, andlarger 
than the object (Fig'. 
138). 

When the mirror is convex, the image is always virtual, 
it, and smaller than the object (Fig. 139). 

254. Coagtmotion for Images. — The geometrical con- 
struction for images in spherical mirrors consists in finding 
conjugate focal points. For this purpose it is necesBaij 
to trace only two rays for each point of the object, one- 
along the secondary axis tlirough it, and the other parallel 
to the principal axis. The first ray is redected bock on 
itself, and the second through the principal focus. The 
intersection of the two reflected rays from the same point 
of the object locates the image of that point. 

To illustrate : In Fig. 137, A C is the path of both the 
incident and the reflected ray, while the ray AD i* 
reflected through the principal focus F. Their interBeo- 
tion is at a. The rays BO and BE are reflected similarly 
through 6. Hence, ab is the image of AB. In Fig, 138, 
the ray AC along the secondary axis, and AD reflected, 
back through F as DF, must be produced to meet back of 
the mirror at the virtual focus a. A and a are conjugate 
foci ; also B and b, and ad is a virtual image. 
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The construction for the convex mirror (Fig. 139) is 
the same. From the point A draw AO along the normal 
or secondary axis, and AD parallel to the principal axis. 
The latter is reflected so that its direction passes through 
F. The intersection of these two lines is at a. The 
image ab is virtual and erect. 



-Expenmeot ^Bcni a fttnp of 



255. Spherical Aberration. 

bright tin or polished braaa int 

Place it on a sheet 

of paper with its 

toward a. candle or 
lamp (Fig. 140). 
The Ught focuses 
on curved lines. 

Kxperiment.— 
Project the image 
of a candle or a 
lighted lamp on a 
Kreeu with a con- 
flkve spherical mir- 
ror. The edge of 
tile im^e will be 
indietiiict ; that is, 
not sharply defined. 

Now cover up the reflecting surface, exposing only the central portion. 
The image will be less hright (why?), but the definition will be 

Rays incident near the margin of the mirror cross the 
principal axis at points nearer the mirror than F, the 
principal focus. 

This distribution of the focus is known as spherical 
aberration, and the curve obtained in the first experiment 
js called the caustic hy rejection. This curve may also be 
exhibited by allowing sunlight to fall on a cup partly full 
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of milk, or on a plain gold ring supported on a white 

surface. If parallel rays incideot on a concave mirror ot 
wide aperture are traced (Fig. 141), it 
will be seen that the caustic is formed 
by their intersection after reflection. 
If the aperture of the mirror does not 
exceed 10°, this confusion of focus is 
small, and may be neglected. By de- 
creasing the curvature of the mirror 
from the vertex outward, the aberra- 
tion may be corrected. This is accom- 
plished in the parabolic mirror, a form 

osed as a reflector in lighthouses, in the headlights o! 

locomotives, and for astronomical purposes. 



1. A plane mirror is placed at ao angle of 45° witb a horizontat 
plane. Find, by geometrical construction, the position of the ii 
o£ a vertical object placed in froat o£ this mirror. 

2. Fiud, by eonatructioD, the number of images of a point placed 
between two plane mirrors, inclined to each other at an angle of 60°. 

3. In Fig. 137, instead of finding the image oiABas there showiif 
take five equidistant pomts on AB, two of these being the exti«i]^ 
ties ; then, as in § 252, find the conjugata foci of these points. Join 
these foci to form au image of A B. Why ia this image distorted? 

4. The radius of curvature of a concave spherical mirror is M 
cm. If a pencil of light diverge from a point 00 cm. in front of itt 
at what point will it focus? 

5. The principal focal length of a concave mirror is 20 cm. WHd 
is the position of the image whea the object ia placed 30 cm. in frtm\ 
of the mirror? 

6. Show, by dii^am, the eifect on the image in a convex sphc 
of moving the object cIotct to the mirror. 
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7. An object placed 80 orn. in front of a concave Bplierical mirror 
gave an image 20 cm. in frout of the mirror. What is the radius of 
ourvaUire? What is the prLnoipal focal length? \. 

8. What radius of curvature must be giveu to a concave spherical 
mirror iu order that an object placed 36 cm. in front of the mjiror 
may give an im^e 72 cm. iu front? . ■ ,-. 

9. If the distance of an object from a convex apherical mirror 
is equal to the mirror's radius of curvature, where will the image be? 

10. The focai length of a concave apherical mirror is 24 in. Ad 
object is placed 20 in. in front of the mirror. Find the position of 
tbe image. 



..i+i. 
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, that, if the object is placed 
spherical nnrror, the image 



11. Show from the relatii 

at the centre of curvature of a ( 
will also be at the centre of curvature. 

12. In a concave spherical mirror, where must the object be placed 
so that the imt^e will be situaterl half way between the centre of 
curvature and the principal focus ? 



IV. REFRACTION OF LIGHT. 

256. Kefraction. — Experiment. — Place a rectangular tank, pro- 
vided with a glass face, so that the light from a candle passing over 
the upper edge of one end 
Jn,Ht illuminates the whole 
of the opposite end (Fig. 
142). The bottom of the 
tank lies wholly in the 
shadow cast by the end. 
Now fill the tank with 
water. The shadow no 
longer covers the whole 
bottom, since the rays are 
bent at the surface of tlie 
waMr, as iu B. 

This change in the course of light iu paasiug from one 
medium to another is called refraction. 



i 




mOH SCHOOL PBTSJCS. 

257. IteCsnce. — The investigations of Foucault, Michel- 
son, and others, show that light hus a less velocity in 
glass, water, etc., than it 
air. Now if a. beam of light is 
incident obliquely on the sur- 
face MN of water (Fig. 143), 
all parts of a wave do not enter 
the water at the same time. 
Let the parallel lines perpen- 
dicular to AS represent tba 
■waves. Then one part of / 
-will reach the water first and 
■will travel less rapidly. The 
other portions, on entering, will 
be retarded in succession, tha 
result being that the wave is 
swung around ; that is, tie 

pection of propagation £C, perpendicular to the win 
rent, is changed ; or, in other words, the ray 



258. TermBDefined. — LetS^(Fig. 144) 

light in air incident 
fcbliquely at A upon the 
MX" of another 
ledinm, a» water. Draw 
normal DE to the 
sfracting surface. The 
ingle BAD between the 
bcident ray and the nor- 
pal to the surface at the 
toint of incidence is the 
bigle of incidence ; and 
l^he angle CAE between 




LIGHT. 

refracted ray and the normal is the angle of refraoJ 
.. Produce BA to ff. The a.ngle CAff meaaures tin 
iation of the light from its original course, and j 
ed the angle of deviation. With ^4 as a centre, describ* 
rele. Draw BI' and C(?, perpendicular to BE. Thei 

ratio-—— is the sine of the angle BAB, and the ratiofl 

is the sine of GAE. The ratio of these sines is calleffi 

index of refraction ; and, since AB = AO, this indea 



( wiU be fouad to beg 

'he experiment illustrates the following laws i — 

. When a beam of light passes obliquely from a Ie«'l 

My to a more highly refractive medium, it is bent toward'M 

normal; when it passes in a reverse direction, it is bentm 

m the normal. 

ht Whatever the angle of incidence, the ratio of the sinMm 



rTrf 
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^ the angles of incidence and refraction tj congtant for the 
same two media. 

III. The planet of the angle» of incidence and refraction 



These laws were first discovered by Snell, a Dutch 
physicist, in 1621. 

260. Indices of Aeb^ction. — The absolute index of n- 
fraction is the ratio of the aiues of the angles of incidence 
ami refraction when the ray passes from a vacuum into 
the substance. The relative index of refraction is the 
index for light passing froiu one substance into another; 
jt is found by dividing the absolute index of the latter \ij 
the former. The larger the index of refraction, the greater 
is said to be the optical density of the substance. 

The following table gives the indices of a few substanoM 
relative to air : — 

Water 

Alcohol 

Carbon bisulphide . J. 84 

I For the purposes of this book, the refractive index (<" 
ter may be taken to be J ; for crown glass, J ; for flii>t 
; and for dia- 
mond, 1^. 

261. Construction for the 
Eefraeted Ray. — Let 30^ 
(Fig. 146) be the surface 
separating the two me- 
dia, air and water ; ash 
let BA be a ray of ligW 
incident at A; it ii 
required to draw lift 
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ifractecl ray. With J. as a centre, and with radii whoi 
ttio is ^, the index of refraction, draw two concentri 
rcles. Through S, one of the intersections of .~ 
ith the smaller circle, draw HC parallel to the norn] 
2>, cutting the larger circle at 0. Draw AC. 
ill be the refracted ray, because — — = -, ; 
lown. ^ 

When the ray passes into a medium of smaller optieaij 
BDsity, then the intersection of the incident ray with ths'l 
trger circle must be used; through this point draw a 
arallel to the normal, cutting the smaller circle. The 
He through the intersection with the "smaller circle and 
le point of incidence is the refracted ray. 

It shoukl be observed that it does not matter whetheg 
e intersections of the incident ray with the circles 1 
ken before the ray enters the medium or afterwards. 



1.. Trace a, ra; of light from air into flint glass. 

!8. Trace a ray of light from glass ^ iuto air. 

3, Trace a ray of light from air into alcohol (index = J). 

*. Trace a ray of light from air into diamond. 

5. Trace a ray of light fioni water into flint glass. 

6. Trace a ray of light from water into air. 

262. Befraction throug'Ii a Parallel Plate. — Experlntent. - 

law a straight line ou a sheet of pajier. Place a piece of thick plat 



! >Tha triangles EAR and ABF a 



e similar. Hence — £i=^=. 
EH AE 

iB= CO, and ^ = *, by conBtraotlon. Therefore ^ ^ i, the tadei 

AE 3 CG S 

I refraction. 

o be understood, and the Index is ti 
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If the line, covering a jiortioD of it. Loo¥ 
Lthe glass; the line will appear broken at the edge of the plate, 
Fpdrt under the glass appearing laterally displaced. 

To explain this, let MS 
(Fig. HI) represent a thick 
plate of glass, and AB a ray of 
light incident obliquely up 
it. If the path of the raj 
determined, the emergent nj 
will be parallel to the incident 
ray. Hence, the apparent po- 
sition of an object viewed 
through a plate is at one iis 
of its true position. 

363. A Prism. — Optically. 

Bthe portion of a transparent substance lying between two 

intersecting planes ia a prigm, and the angle between ttieM 

lanea is the refracting angle of the prism. A beam of 

Qight incident on a prism is bent away from the refraflt* 

pig angle, and consequently the apparent position of W 

■Object seen through it is displaced toward the refracting 

■edge. 

Let ASC (Fig. 148) represent a section of a glass ptism 





made by a plane perpendicular to the refracting jedgB A' 
Also, let DU be a ray incident on the face BA. 'Tbia raj 



Wntnc 



bucted along UF, aad entermg the air at the 
'•■will be refracted again, taking the direction I'M. 



The Angle of Deriatian. — Expemnent. — Make a small 



the I 



of I 




cardboard. Ar- 
wreen, the sheet of 
d, and a Bunseii 
shown in Fig. 14!). 
uer should hare a 
Under of asbestos 
ated in Bodiuni ni- 
its top; the light 
1 be of one color, 
"prism back of the 
in the cardboard 
refracting edge up- 
A on the acreen 
le iUumiuated spot 
IB prism is in place, and B will be the spot when the light 
irough the prism. The angle APB is roughly the deviation. 



i the angle included between the 
t and the emergent ray, as £IH (Vi^. 148). 

different raya through the prism, and by using 
with different angles, the deviation will be found 
■ with the angle of tlie prism, with the index of 
on, and with the angle of incidence. The least 
m for any prism occurs when the angles of inci- 
nd emergence are equal. 



Phenomena of Eefraction. -^ Light in passing from 
nto air is refracted from the normal, and com 
' objects under water appear elevated above their 
isition. A familiar instance is a coin in an empty 
j^F^iiddeii from view, becoming visible when the 



218 



HIGH SCHOOL PST8IC8. 




cup is filled with water. The light from the coin is 

bent on leaving the water so tliat it reaches the eye. The 
apparent shoaling of a poud 
of water is explained in the 
BBine way. Light coming 
to the eye from a star nill 
be gradually bent, describ- 
ing a curve (Fig. 150), Iw- 
cauae the refractive iudei: 
of the air is greater near the 
earth than higher up. Since | 
the direction in which tlrt 
star is seen is that of a tan- 
gent to the curve at theej*. 
the effect will be to increaw 
the apparent altitude of Oi^ 

star. For the same reason the sun is visible when it is 

actually below tiie horizon. 

266. Total Reflection.— Expctiment. — Using the appsrali»^| 

§ 359, pliLce the cairdboaril against 
the end so tkiLt the shC is close to 
the Lottotn of the jar (Fig. 151). 
Bj means of mirrors, send a beam 
of light upward through the nater 
and incident on the surface just 
back of the centre of the eircular 
scale. The light will be reflected 
from the surface back into the 
water as lij a mirror. 

When a beam of light 
passes from one medium into another of smaller e 
density, it is refracted from the normal, the angle d 
fraction being always greater than the angle of inoidE 
Hence, by gradually increasing the angle of incidence) U 
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l"be found in which the angle of refraction is 90°; 
the rays pass off in the surface. When the angle 
action in the rarer medium is a right angle, the 
f incidence is called the critical angle. This angle 
with the substance, being 48^° for water, 41° for 
glass, and Si" for diamond. When the angle of 
ce exceeds the critical angle, as in the experiment, 
ht suffers total internal reflection. 



Conitmction for the Critical Angle, 

52) separate two media, 
and glass. With A as 
'6, draw two concentric 
the ratio of their radii 
he index of refraction, 
le issuing I'ay must lie 
Hence, draw the nor- 
jcuttingthelargereircle 
id the line BA througli 
M will be the required 
t ray (§ 261), the angle 
leing the critical angle. 



-Let JCV 




DloBtrations of Total Sefieetion. — Of all the rays 
ng from a point at the bottom of a pond and inci- 
dent on the surface, only those 
within the cone whose semi-angle 
is 48^° can pass into the air, on 
account of the separation of the 
refracted from the totally reflected 
rays by total internal reflection 
(Fig. 153). Hence, an observer 
under water sees all objects out- 
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aide as if they were crowded within this cone, and beyond 
this cone he sees by reSection objects lyii^ on the bottom 

of the pond. 

Total reflection in glass is best shown by means of i 

prism whose cross-section is a right-iingled isosceles tri- 
angle (Fig- 154), A ray incident nor- 
mally on either face about the right 
angle enters the prism without refrac- 
tion, and is incident on the hypoteniisB 
at an angle of 45°, which is greater than 
the critical angle (§ 266). Hence, fie 
ray suffers total reflection and leave* 
the prism at right angles to the incident 
ray. Such a prism makes the best pos- 

Bible reflector in an optical instrument where it is desirable 

to change the direction of the light by 90". 

Problems. 

1. Find, by geoioetrioal construction, the magnitude of the criticil 
angle for water. Use a protractor to measure the angle. 

3. Find, by construction, the magnitude of the critical angle ior 
glaaa. Use a protractor to mea.sure the angle. 

3. Trace a my of light through a glass prism, angle 60", the ind- 
dent ray making an angle of 75" with the face of the prism. K^MH 
the difficulty encountered. 

4. Construct the angle of least deyiatioa for an equilateral gl"" 

V. LENSES. 

269. A lens is a portion of a transparent sul 
bounded by two curved surfaces, or one plane M* 
one curved surface. Those most commonly met wit 
have spherical surfaces (Fig. 155), and are classified i 

follows ; — 



r 



I )f 



1. Donble-convET, — both surfaces ci 

2. Flano-conTes, — one surface co 

Concavo-convex, — one surface ci 



Ztouble-concttve, — both surfaces concave, 
Plano-concave, — one surface i 

pi"" 

6. Convexo-concave, — oaeBurfaceci 



1 

Converging Isniea^^^^^H 
Uiicker at tbe midj^^^H 
til an at the edgeaf^^^^H 



The concavo-convex and the convexo-concave lenses are 
frequently called menisaus lenses. The double-conyex 
ien8 may be regarded as the type of the converging class 
of lenses, and the double-concave lens of the diverging 



270. Terms Defined. — The centres of the spherical sur- 
^cea bounding a lens are the centres of curvature. The 
viieal centre is a point sucli that any ray passing through 
the lens suffers no change of direction. In lenses 
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whose surfaces are of equal curvature, it is tlieir centre o; 
volume, as 0, in Fig. 156. In piano-lenses, the optical 
centre is the mid(Ue 
point of the curved 
face. The straight line, 
CG\ througli the cen- 
tres of curvature, is 
the principal axit, and 
any other straight line 
through the optical cen- 
tre, as EH, is a aecondary axis. The normal at any point 
of the surface is the radius of the sphere drawn to that 
point ; thus CD is the normal to the surface AnB at D. 

271. Traeing Bays through Lenses. — Let MTV represent 
a lens whose centres of curvature are O and C, and AB 




he ray to be traced through it (Figs. 157, 158). D^* 
ihe normal, C'B, to the point of incidence. With B ** ' 
ientre, draw the arcs mn and rs, making the ratio of the" 
iadii equal the index of refraction, ^.^ Through p, w* 
^tersection of AS with r», draw op parallel to the noro™ 
D'S, and cutting mn at o. Througli o and B draw oBJh 



I The figures of le 
roagb the centre of 



this cbapter are sections niEide by p 
and the index is taken at j. 



11 be the path of the ray through the lens (§ 261). 
t will again he refracted; to determine the amount, 
lie normal 




the normal QD, cutting tiv at I. Through 3 and 

hS; this will be the path of the ray after emer- 

(Compare this procedure with that of § 26S.} 

lid be noticed that the convex lens bends the ray 
the principal axis, while the concave lens bends it 

rom it. 

Principal Pocns of a Lens. — Esperiment. — Let the raya 
m fall on a convex lens parallel to its principal axis. Hold 
;he lena a sheet of paper, moving it till the round spot o£ light 
ist and brighteat. If held steadilj, a bole may be burned in 
r. This Hpot marks the principal focus o£ the leas, and its 

from the optical centre is the principai focal length. 

res 159 and 160 illuBtrate the method of iinding the 
focus geometrically. 
In the double-con- 
vex lens, it is real, 
and at the centre of 
curvature, if the 
index of refraction 
is |. For the plano- 
convex lens, the 
curvature for the same 
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refractive index. Convex lenses are often called burning 
glasses^ because of their power to focus the heat rat/s^ as 




Fig. 160. 



shown in the experiment. Figure 161 shows that parallel 
rays are rendered diverging by a double-concave lens, the 




principal focus being virtual^ and at the centre of curvatuf^^ 
when the refractive index is |. Concave lenses increase 
the divergence of light, whereas convex lenses decrease it- 

273. Conjugate Foci. — Lenses resemble spherical mirrors 
in this respect, that if a pencil of light diverges from » 
point and is incident on the lens, it is focussed at a point 
on the axis through the radiant point. These points are 
called conjugate foci^ for the same reason as in mirrors. 
If p and p^ are the distances of these points from the leus, 
and / is the principal focal length, then the relation 
between the three quantities is expressed by the equation 



4- ^ = - . ^ For converging lenses ^' must be considereii 

f' f 
gative when the image is Tirtual ; and for diverginj 

aees both -p' and / are to be treated as negative. Bj^ 
sasuring ■p and ^', the focal length o£ a lens may ] 
mputed. 

Diverging lenses always increase the divergence of t 
ys incident upon them, and hence the focus of such! 
Dses is always virtual. With converging lenses thefl 
suits vary with the angle of divergence. Hence, th^fl 
llowing cases arise : — 

First. — When the incident rays diverge from a poion 
ore than twice the focal distance from the lens, 

In Fig. 157 the two rays diverging from A focus at J 
ss than twice the focal distance. 

Second. — When the incident rays diverge from a poind 

twice the focal distance from the lens. 

(The student should draw a figure, and show that thai 
cus is real, and at twice the focal distance.) 

Tliird. — When the incident rays diverge from a poinn 

less than twice and more than once the focal distance, f 

(The student should draw a figure and show that th( 
ens is real and at more than twice the focal distance.) 

J'ourtA. — When the rays diverge from the principal^ 

tcus. 

L*In Fig. 163, from the similar triangles AOB and aOb, jre hart 

F=^y . If E and I be connected by a straight line, thia line may b 

ton as approiimalely equal to AB, and to pass through 0. 

mixr triangiea Bfl and aFb we have ?^ = ^. Hence, ^ 



OL = p', OF=f. Then pL = p'-f, £ = ^ — , , 
P P' ~f 
lay compute/ For tie divergii 



hit K0 = 

[+—=-. By measuring p and p', w 

Ur^md j/ are negative. 

■l. 
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(The student should draw a figure and show that the 
emergent rays are parallel.) 

Fifth. — When the rays diverge from a point between 
the principal focus and the lens. 

Figure 162 shows that the divergence of the rays is not 




wholly overcome by the lens, but that they leave the lens 
I'fifi if they emanated from a point farther from the leffl 
l-tfaan the actual radiant point. Hence, the focus is virtuW^ 

274. FormatloiL of Images. — The image of an object 

l^ormed by a lens may be found by means of the imig* 

Ipf its points. The work is considerably lessened by ■*" 

serving the following method of construction : — 

Draw secondary axes through tlie extremities of 

'pbject. These will be xays of light which suffer 

fcehange^of direction. (Why?) Also through these » 

^tremities draw rays parallel to the principal axis, and 

■Iby construetion their path in the lens (§ 261). Oal 

Ing the lens they will pass through the principal tocu 

(Why ?) The image of each extremity will be the int( 

section of the two rays drawn from it. The image 

any point is always on the secondary axis passing throug 



mJ^ 



To illustrate, let AB he the object and MN' the leni 
ig, 163). Rays along the secondary axes pass througitfl 
s lens without deviation. The raya AD and BS, par- J 
el to the principal axis, are refracted on entering the'fl 
18 along DM and MI respectively, and pass through P^ 
2 principal focus, after leaving the lens. The intersecT 




m of Aa with AltEa is tlie image of A, and that ofl 
H/6 with Bb is the image of B. If other rays fromj 
and B be drawn, they will focus at a and i respectively. ■¥ 
ince, ah is the image of AB. 
The student should draw figures and establish the J 
llowing propositions for converging lenses : — 

I. When the object ia at a finite distance greater thaiiB 
'ice the focal distance, the image is real, inverted, jT 
^ted beyond the principal focus, and is smaller thai 

le object (Fig. 163). 

II. When the object is at twice the focal distance, tbel 
la^ is real, inverted, situated at; twice the focal distancejl 
id is of the same size as the object. 

III. When the object is at less than twice and more thanl 
ee the focal distance, the image ia real, inverted, situated 1 
F'ond the principal focus, and is larger than the object. \ 
[V. When the object is at the principal focus, tlie light I 

i the lens in parallel rays, no image being formed. 



j^^^e lens in 
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V. When the object is between the principal focus and 
the lens, the image is virtual, erect, and enlarged (Fig. 
164). 



' "-s*. 







Fig 16^ 



The images formed by diverging lenses are always 
virtual, erect, and smaller than the object (Fig. 165). 




Fig. 165. 

The distance of the object from the lens affects only the 
size of the image. 

275. Experimental Ulustrations. — Experiment. — Arrange ^ 
line on tlie table a lamp, a converging lens, and a screen. Give*^® 
lamj) successively the positions described in the preceding arfciciCi 
adjusting the screen each time till a sharply defined image is obtained- 
The results will be in harmony with the preceding propositions, ii 
the lamp is placed at the focus of the lens, only a blurred image is 
obtained; if between the focus and the lens, no image is formed on 
the screen, but a magnified image of the lamp may be seen on looking 
through the lens. 



If, after focuasiog the image on the screen, the eye be placed in Una 
tb the object and the lens, and the screen be removed, an inverted ' 
age of the object can be seen suspended in mid-air. 

The projection of images on a screen by means of a lens i 
s its application in the projection lantern (§ 299), thofl 
mpound microscope (§ 296), the telescope (§ 297), and 
e photographer's camera (§ 300). The formation ofj 
rtual images by a converging lens is applied in th^T 
nple magnifier and in the eyepieces of telescopes and! 
rapound microscopes. 

276, Spherical Aberration. — If rays from any point I 
■awn to different parts of a lens, and their directions \ 
jterrained after refraction, it will be fonnd that thoe 
cident near the edge of the lens cross the principal axiB^'fl 
ter emerging, nearer the lens than those incident neat^ 
le middle, (The student should convince himself of this 
r drawing a figure.) The principal focal length for the 
arginal rays is therefore less than for central rays. This 
idefinitenesa of focus is called ipherical aberration ht/ 
•fraction, the effect of which is to lessen the distinctness 
' images formed by the lens. In practice an annular 
ireen, called a diaphragm, is used to cut off the marginal 
*yB; this renders the image sharper in outliue, but less 
right. In the large lenses used in telescopes the curva- 
ure of the lena is made less toward the edge, so that all 
Jarallel rays are brought to the same focus. 

Problems. 
1. Compare, by geometrical construction, the focal lengths of 
no aonTBi lenses of the same radius of curvature, one to be of glass, 
)e other of diamond, 
. A lamp placed 90 cm. ftom a convex lens gives an image 15 
D the lena. What fa the focal length ? 



Inborn the 
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L 3, Tbe radius of curvature of a double convex lena of crown glus 
BlfiOin. Fiudthe poaition of the image of an object distant 30 in. 
■from tlie lens. 

' 4. SIiow, by geometrical construction, the effect on the im^e of 
varying tbe distance of the object from a concave lens. 

5. An object is placed 75 cm. from a concave leas whose tMOi 
length is 50 cm. Find the position of the image. 

6. By means of a convex leua of 8 in. focal length, it is required 
to project an object on a screen '22 ft, distant from the leus. fioif 
close to the lens must the object be placed ? . , 

7. An object is placed at a distance of 25 cm. from a CODTex lent 
^ of 50 cm. focal length. Where will the image be formed? 

I VI. DISPERSION. 

' 277. Analysis of White Light. The Solar Speotrnm 
Experiment. — Close the opening of a jorte-lumifere ' with a piew of 

tin, in which is cat: 

very narrow vertital 
sht. Let the i 
of snnligllt iHOinE 
from tlie sUt bB ino- 
dent obliquely M » 
glass prism (Fiff' 
166). A many-Oil- 
ored band, gridnillj' 
changing from ™ 
at one end througti 




k thes' 



The pnrte-luml6re ia a device hy means of which a beam ot subU|M 
,^.. be reflecled horiaantally into a darhened room through an opentog^ 
the shutter. In the aimpleat form it is a Mnged mirror set outside of *■ 
SWindow, and so arranged that its position can be changed from witto 



ing Lena of about 30 cm. focal length ha used to focua an image of the 
on the screen, and tke prism be placed near the principal focuB, 
tbe colored images of the slit will be more distinct. 

Thia experimentj though not original with Sir Isaaa 
Newton, was first explained by him in 1666. It shows 
that white or colorless light is a mixture of an infinite 
number of differently colored rays, differing in refrangi- 
bility, the red being least and the violet most refrangible. 
The brilliant band o£ light consists of an mdefinite num- 
ber of colored images of the slit ; it is called the solar 
tpeetrum, and the opening out or separating of the beam 
of white light is known as dispersion. 



- Project a spectru 




276. Synthesis of Light — Ezpeiiment 

nlight on tlie screen. Now pli 

;ond prism like the first beliimi it, but s 
position (Fig. 1G7). There 
"will be formed a colorless image, slightly 
displaced on the screen, f * 6 

The second prism reunites the colored rays, making the 
effect that of a thick plate of glass (§ 262). The recora- 
pOBJtion of the colored rays into white light may also be 
effected by receiving them on a concave mirror or a large 
convex lens. 

379. Chromatio Aberratioil. — Experiment. — Close the opening 
of the porte-lumiere with a piece of 
cardboard in wliich ia a small round 

t M<|> y ^'Jf" Jiole. Project an image of this aper- 
' K ^^^ i-. tore on the screen, using a double-cpn- 
* W\ 15^ vex lens for the purpoae. The round 

p, .„ image will be bordered with the apectral 

This 
is ca 




This defect in lenses is known as chromatio aberration. 
i caused by the lens refracting the rays of diffeceot 



232 Hion SCHOOL pnrsics. 

colors to different foci. The violet rays, being more 
refrangible than the red, ■will have their focus neare 
the lens than the red, as shown in Fig. 168, where 
the principal focus for violet light and r for the red. 
If a screen were.placed at x, the image would be bordered 
with red, and if at t/ with violet. 

280. The Achromatic lens. — EKperiment — Project a%peetnun 
of sunligiit on tiie screen, usiug a prism of crown glass, and note tbfi 
length of the Bpectrum when the priam is turued to give the least 
deviation. Kepeat the eiperiment with a prism of flint glass liaTing 
the satne refrauting angle. The apectrum furmed by the flint gliss 
will be about twice as long as that given by crown glass, while the 
position of the middle of the Bp«ctruia on the screen is aboat the 
in the two cases. Now use a flint glass prism whose refracting angte 
is half that of the crown glass cue. The spectrum is nearly eqnaiic 
length to that given by the crown glass prism, but the deviation of tl» 
middle of it is considerably lesa. Finally, place this flint glass 
in a reversed position against the crown glass one. The image o£ 111* 
aperture is no longer colored, and the deviation is about half tlu>l 
produced by the crown gloss alone. 

The above facts suggested to Dolland, an English opti- 
cian, in 1757, that by combining a double-convM 
Clens of crown glass with a plano-concave lens 
of flint glass the dispersion by the one would 
neutralize that due to the other, while the "■ 
fraction would be reduced about half (Fig. 169)- 
1^ Such a lens or system of lenses is called achro- 
matic, since images formed by it are not fringe* 
with the spectral colors. 

281. Sisperaion by a Globe of Water,— Experiment.— Fil"" 
aiMherino meter bulb, about i em. in diameter, with clear wl^f' I 
Cover the opening of the porte-lumiere with a large sheet of *liiW I 
cardboard, in which is a circular hole about 3.75 cm. in dianW'*'' I 
Support the bulb a short distance from the opening so that the c;^ I 



unlight is incident upon it. There will appear on the cardhoard 
one or more ciriMilar spectra, reaembliiig rainbows. 

understand this experiment it must be kept in mind 
phen light passes from one medium to another, part 
) light is always reflected. So in the case of the 
of water, part passes through it and part enters and 
jrnally reflected from the bact surface, forming the 
d image on the cardboard screen. 
the circle whose centre is O (Fig. 170) represent 
obe of water, and SS" rays of sunlight incident upon 




)f all the rays entering the globe, it is shown in 
jmatical optics that the red rays incident in the I 
diate vicinity of 59° 23' 30" from the axis SE, as at 
iep together after reflection and subaeq^uent refrac- 
that is, they are parallel on leaving the sphere, and 
have BuiEcient intensity to produce a colored image 
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\ on the screen. The violet rays at 58° 40' from the 

as at £, produce a violet image for a like reason. Be- 

I tween these positions the other colors arrange themselves 

in order. Since the sphere is ajmnietrical with respect to 

I SO, it follows that the colored images will appear aa 

circles. In this way the inner colored ring is produced 
in the above experiment. The angle S'FIt is the devia- 
tion of the red rays, and equals 42° 1' 40" ; the deviation 

I of the violet rays S'F'V'ia 40° 17'. Hence the red cirde 

on the screen has a radius of about 42°, and the violet one 
about 40°. The second colored band is caused by rajs 

I that are twice internally reflected. The violet part has » 

radius of about 54° and the red 51°. 

' 282. The Rainbow is a solar spectrum formed by spheri- 

cal raindrops dispersing the sunlight falling u[Jon them. 
' Usually two bows are vlaible, the primary and the ««■ 

Iondary. The primary bow b the inner and brighter ou, 
■ and is distinguished by 

! 



being red on the out- 
eide and violet on the 
inside. The tecondofS 
bow is much fainter, and 
has the order of colort 
reversed. Figure ITl 
shows the relative poai- 
tion of the sun, the 
observer, and the rain- 
drops wbich form the 
bows. An observer st 
£, with his back to th« 
sun, receives red light 
from every raindi'op situated 42° from the line SO, draffn 




ugh the sun and the eye, and violet from those 40** 
knt. The drops, being approximately spheres, send I 
Light on all sides, and hence all of those situated in a 1 
e about C, and distant 42°, will send red light to the J 
ind give the appearance of a red circle, while those at I 
ivill send violet light, the other colors arranging them- I 
!B between these limits. Again, those drops which | 
51" from will also send red light to the eye, the I 
being twice reflected internally, and those 54° will I 
violet light, thus forming the secondary bow. 

3. The SpectroBorope (Fig. 172} is an instrument for'l 

ing spectra. In one of its sinaplest forms it consists ( 
prism, a tel- 
pe, and a tube 
id the colli' 




a converging 

at the other 
■ender paral- 
Le diverging 

coming from the slit. The slit must therefore be J 
ed at the principal focus of the collimating lens. To j 
i the deviation of the spectral lines, there is provided ^ 
he supporting table a divided circle, which is read by ' 
lid of the vernier attached to the telescope arm. 

H Einda of Spectra.— Experiment. — Place a lighted a 
np ill front of the slit of the speotroBCope. The spectrum will bo 
to pagB from red at one etjd, through, the T&riouB colors, to violet I 
i otiier, without any interruptio 
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Experiment. — Over tlie tube of a Bunsen burner place a short cjt 
iader of HJ^bestos paper into wliich haa been fused a salt of eitlm 
Bodiura, litliium, or strontium. The heat of the flame vaporizes these 
salt8. View this flame through the epectroscope, and instead of 
bright band there will be seen one or more bright colored lines, de- 
pending on the nature of the sal t, sodium giving a bright yello 
lithium a bright carmine line, strontium a cluster of linea 
orange-red, etc. We infer that the lights produced by an incao^ 
cent vapor are of certain particular wave lengths only. 

Experiment — Project a spectrum of the electric arc on the i 
using a hollow prism with plane gloss aides and filled with i 
bisulphide. The spectrum will be composed of colors from red at on* 
end through all the intermediate spectral tints to violet at the other, 
irithout any interruptions or gaps ; that is, it will be QonHnuoiu. With 
a clean glass rod introduce a few crystals of sodium nitrate into the 
arc, and lengthen it so aa to reduce the intensity of the contiauoui 
spectrum. The spectrum will now consist of a few bright colored 
lines, one red, one yellow, three green, and one violet, the yellow beJDg 
especially promineuL Now substitute for the lower carbon iu Qw 
tamp a larger one with a cap-shaped depression in its upper end. Bo- 
verse the direction of the current through the lamp, making the lovef 
carbon the positive. Place a few crystals of sodium nitrate in the 
carbon cup iTnmediately after it has been heated by the current, 
close the circuit. The heat will vaporize the sodium, and the intensely 
hot arc will be surrounded with a,a atmosphere of sodium vapor 
lower temperature. This outer vapor will absorb the ligiit emitted lif 
the hotter vapor within, and dark bands will appear in place i ' ' 
bright ones in the faint continuous spectrum, particularly in the rei 
and yellow. 

These experiments illustrate the three kinds of spectra, 
namely, the continuous, the ditcontinuous or hright-Uni^ 
and the absorption or reversed spectra. Solids, UquidSi 
and dense vapors and gases, when heated to incandescenCft 
give continuous spectra ; rarefied gases and vapors heatt^ 
to incandescence give discontinuous spectra; and ga«s 
and vapors absorb light of the same refrangibility as thej 
emit at a higher temperature. 
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285. The Fratmhofer Lines. — If sunlight be analyzed 
with a epectroBcope, a number of dark lines will be seen to 
sross the spectrum ^^^ 
(Fig. 173). This ifljl 
discovery was made ILL. 
by Wollaston in *■ 
1802. Fraunhofer '* '"' 

was the first to notice that some of these lines coincide in 
position with the bright lines of certain artificial lights. 
He mapped no less than 576 of them, and designated the 
more important ones by the letters A, S, C, J), E, F, Cf, S, 
the first in the extreme red and the last in the extreme 
violet. For this reason it is customary to refer to them 
as the Fraunhofer lines. In recent years Lockyer, Row- 
land, Langley, and many others, employing greatly im- 
jpoved apparatus, have found the number of .these lines to 
» practically unlimited. 

The explanation of these dark lines was first suggested 
by Stokes in 1852, and the theory was fully established by 
Kirchhoff in 1859. In the last experiment it was showD 
that sodium vapor absorbs that part of the light of the 
electric arc which ia of the same refrangjbility as the light 
■emitted by the vapor itself. Similar experiments with 
other substances show that every substance has its own 
absorption spectrum. These facts suggested the following 
explanation of the Fraunhofer lines : The heat«d nucleus 
of the sun gives off light of all degrees of refrangibiUty. 
Itfl Bpectrum would therefore be continuous, were it not 
Btirrounded by an atmosphere of metallic vapore and of 
gases, which absorb or weaken those rays of which their 
spectra consist. Hence, the parts of the apectrura which 
TOuld have been illuminated by those particular rays 
lisve their brightness diminished, since the rays from the 
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nucleus are absorbed, and the iUumiDation is due to the 
less inteuse light couilug from the vapors. These absorp- 
tioD lines cire not lines of no light, but are Imea of 
diminished brightness, appearing dark by contrast with 
the other parts of the spectrum. 

286. Bpectruffl Analysis consists in detecting the presence 
of Bubstauces by the spectra of their heated vapors. The 
great delicacy of the method ia exhibited in the statement 
miide by Professor Swan, that he was able to detect by iU 
spectrum the presence of 350^000 ^^ P*^ **^ * grain of 
sodium. 

The applications of the spectroscope are many and 
various. By an examination of their absorption spectra) 
normal and diseased blood are easily distinguished, the 
adulteration of substances is detected, and the ehemiatry 
of the stars is approximately determined. 

VIL COLOR. 

287. The Color of light depends on its wave lengti, 
extreme red being due to the longest waves, and extremfl 
violet to the shortest. The unit employed in measuring 
wave lengths of light is the tenth-metre, of which 10^»r« 
required to make a metre. The following are the values 
for the principal Fraunhofer lines in air at 20° C. aoo 
760 mm, pressure 



Orange 
. YeUow 



7621.31 

6884.11 
6563.07 



£[ Light Green 



F Blue . 
G ludigo 
H. Violet. 



In white light the number of colors is infinite, and th^ 
pass into one another by imperceptible gradations of flh*"* 



refrangibility. Color stands related to light in the I 
> way that pitch does to sound. In artificial lights I 
liD colors are either feeble or wanting, as can be I 
ed by an examination of their spectra. Hence, arti- I 
I lights are not white, but each one is characterized by 1 
iolor that predominates in its spectrum. I 

8. Color of Opaqne Bodies. — Rxperiment. — Fa,ate a small 1 
igiilar strip oi white paper on a sheet of black cardboard. View I 
strip through a glasa priam, holding its edgcH parallel to the I 
h ot the strip. The image is a spectmm, colored like that pro- I 
I by sunlight, but less bright. If a red strip of paper, similarly I 
.ted, is examined in the same way, the spectral image is red at I 
md, while the colors belonging to the other end are dim or I 
t. In like manner if a blue atrip is examined, the spectral I 
: is blue, the other colors being mostly wanting. j 

periment. — Project the solar apeotrum on a while screen. (Why J 
: ?) Hold pieces of colored paper or cloth successively in difierent I 
of the spectrum. A strip of red flannel appears brilliantly red I 
! red part of the spectrum, and black elsewhere; a blue ribbon is I 
inly in the blue part of the spectrnm, and a piece of black paper I 
ok in every part of the spectrimi. I 

leexperiraentsshowthat thecolorof abodyisdueboth I 
B light that it receives and the light that it reflects ; I 
a body is red because it reflects chiefly, if not wholly, | 
red raya of the light incident upon it, the others being J 
rbed wholly or partly at its surface, and that it cannot 1 
ed if there is no red light incident upon it. In like | 
ner a body is white if it reflects all the rays in about ] 
1 proportions, provided white light is incident upon it. 
lerefore appears that bodies have no color of their 
I since they can eshibit no color not already present ' 
le light which illuminates them. This truth is illus- , 
id by the difHculty experienced in matching colors by 
jd^iights, and by the changes in shade some fabrios I 
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rmidergo when taken from sunlight into gaslight. Mosl 
Bitificial lights are deficient in blue and violet rajrs; 
and hence all complex colors, into which blue or violet 
enters, as purple and pink, change their shade when viewed 
by them. 

289. Color of Iraneparent Bodies. — Ezpeiiment.— Project, tiie 
epectriUD of tLe sua or of the arc light on the screen. Hold 
the slit Ek flut bottle or cell fiUed with a solution of ammonisted oiuIb 
of copper. The spectrura below the green will lie tut off. SubstitiitB 
a Eoluljon of picric acid and the Bpectrum above the green will be col 
off. Place both solutions across the slit and the green alone lemuii 
It is the only color traneinitted by both solutions. In Uke mannu 
blue glass cuts off the less refrangible part of the spectrum, mby^lui 
cuts oif the more refrangible, and the two together cut off the whole. 

It thus appears that the color of a transparent body is 

ftermined by the colors that it absorbs. It is colorless if 
it abaorbs all colors in like pro- 
^^^k portion, or absorbs none ; but if 

^^^^k it absorbs some colors more tlisn 

^H^^L others, its color is due to the mixed 

^■^^■V impression produced by the trans- 

^^^^B \ mitted radiations. 




290. Mixing ColorB. — Experiment. 
— Cut out of colored paper several colors! 
disks, about 15 cm. in diameter, with ' 
hole at the centre for mounting tlieni w 
the spindle of a whirling machine (FiS' 
174) , or for slipping them over the hoB^ 
of a heavy spinning top. Slit them sW 
a radius from the circumference W '"' 
centre, so that two or moT« of them «•" 
be placed together, exposing any prop'* 
tional part of each one as desired (RS" 
whose colors moat nearly represent those W 
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\T spectrum; put them together so that equal portions o£ the 
re esposecl. Clamp ou the spindle of the whirling machina , 
ite them rapidly. When viewed in a strong light the color 
II white or uniform gray. ' 

I method of mixing colors is based on the 

fact that a sensation lasts 

than the impression pro- 
■ it. Before the sensation 

by one impression has 
, the disk has moved, so *""■ '""■ 

different impression is produced. The effect is 
lent to superposing the several colors on one 
r, as was done in the recomposition of white light ' 

)• 

^ green, and violet disks, or red, green, and blue i 
ire used, exposing equal portions, gray or white is 
id on rotating them rapidly. If any two colors 
standing opposite each other in 
Fig. 176 are used, the result is 
white ; and if any two alter- 
nate ones are used, the result 
is the intermediate one. By 
using the red, the green, and 
the violet disks, and exposing 
different proportions, it has 
been found possible to produce 
any color of the spectrum. 
'"'''■ ""' This fact suggested to Dr. 

the theory that there are only three primary color 
ons, and that our recognition of different colors is 
the excitation of these three in varying degrees. 
lus evident that a mixture of colored lights is very 
^^^m a mixture of pigments (§ 292). 





S91. CompIementBTy Colon. — Any two colors whose 
tare produces on the eye the impression of white light art 
said to be complementary. Thus, red aod bluish green 
. are complementary ; also orange and light blue. When 
complementary colors are viewed next to each other, lie 
effect is a mutual heightening of color impressions. 

EKperiment. — Complementary colors may be seen bj retinal fotagM 
Cut some design out of paper, and paste it on red glaas. Project itoni 
screen in a. dark room. Look steadily at the ecreen for several b«- 
onds, and then turn up the lights. The design will appear on a ptl> 
green ground. 

The explanation is that the portion of the retina 
which the red light falls becomes tired of red, and refuses 
to convey as vivid a sensation of red as of the other colfflS 
when less intense white light is thrown on it. But it re- 
tains its sensitiveness in full for the rest of white U^I) 
and therefore conveys to the brain the etimulus of white 
light with the red cut out ; that is, of the complementary 
color, green. 

292. Mixing Pigments. — Experiment — Draw a broad line on 
the blackboard with u yellow crayon. Over this draw a Bimilar bsml 
with a blue crayon. The result will be a band distinctly green. 

The yellow crayon reflects green light as well as yglloffi 
and absorbs all the other colors. The blue crayon reflects 
green light along with the blue, absorbing all the oUiMt 
Hence, in superposing the two chalk marts, the mistin* 
absorbs all but the green. The mark on the board » 
green, because that is the only color that survives the 
double absorption. In mixing pigments, the reaulw"? 
color is the residue of a process of successive absorptioi* 
If the spectral colors, blue and yellow, are mixed, tw 
product is wiiite instead of green. 



Vra. INTERFERENCE AND DIFFBACTION. 

. Newton's EingS. — Eiperiment. — Press together at thei 
two small pieces of heavy yilate glaas, using a. small iron clamp 
purpose. Theu look obliquely at the glaas; curved bauds of 
lay be seen BUrrounding the point of greatest pressure. 

8 experiment is a. modificatioii of one performed by 
;. It was afterwards repeated by Newton while 
pting to determine the re- 
between the colors in the 
(ubble and the thickness of 
Im. Each used a plano- 
£ lens of long focus resting 
)late of plane glass. Figure 177 shows a section of 
iparatus. Between the lens and the plate there is a 
i-ahaped film of air, very thin, and quite similar to 
armed between the glass plates in the above experi- 
If the glasses are viewed by reflected light, there 
irk spot at the point of contact, surrounded by aev- 
olored rings (Fig. 178); but if viewed by trans- 
l light, the colors are complementary to those seen 
by reflection (§ 291), The ex- 
planation of the phenomenon is 
to be found in the interference 
y^^^^^vvxVi '>i two ; 

f ^^^^^\\\i l\ fleeted internally from the curved 
V^^^MglJiJi surface, ACB, and the other 
^l^^^^^y/JJl from the surface DOS, on which 
it presses. If light of one color 
is incident on AB, a portion 
will be reflected from ACB, and 
another portion from J>C-E. Since 
ht reflected from DOE has travelled farther by twice 
s of the air-film than that from AOB, and the 
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film gradually increases in thickness from C outward, it 
follows that at some places the two reflected portions viU 
meet in like phase, and at others in opposite phase, causing 
a strengthening of the light at the former, and extinction 
of it at the latter. If red light be used, the appearance 
will be that of a series of concentric circular red bandB 
separated by dark ones, each shading off into the other. 
If violet light be employed, the colored bands will be 
closer together on account of the shorter wave length. 
Other colors will give bands intermediate in diameWr 
between the red and violet. From this it follows that if 
the glasses be illuminated by white light, at every point 
some one color will be destroyed, and the others will be 
either weakened or strengthened, depending on the thick- 
ness of the air-lilm at the point under consideration, 
the color at each point being the result of mixing a 
large number of colors in unequal proportions. Hence, 
the point O will be surrounded by a series of colored 
bands.' 

The colors of the soap bubble, of oil on water, of heated 
metals which easily oxidize, of a thin film of vamiab, and 
of the surfiice of very old glass, are all caused by tiie 
interference of light reflected from the two surfaces oft 
very thin film. 

294. JHffraction. — Experiment. — Place across the openipg * 
the porte-luttiiere two supeipoBed pieces of perforated cardboard. "' 
pnijected images of the very Bmali holes, lis one piece ia moved W* 
the other, are fringed with the spectral colors. 

' The light from ACB differs in phase half & wave length from iW 
reflected from DE. becaose the former is reflected in an optically dW 
medium next to a rare one, and the latter in an optically rare mei^''* 
next to a densa one. This pltaae difiereitce ia additional to the one ilX^ 
described. 
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periment. — Transparent diffracllnn jrah'ni^s are made by ruling 1 
a fine diamand point a nunibei- of equidistant parallel lines Tery I 
together on glass. Substitute this for the prism iti projecting the I 
rum of sunlight or of the arc light on the screen (g 284). There ,f 
be seen on the screen a central image of the slit, and on either I 
)f it a aeries of spectra. Cover half of the length of the slit with I 
lass and the other half with blue. There will now be a st 
iiages and also a series of blue ones, the red ones being farther I 

than the blue. Lines ruled close together on smoked glass may '1 
ed instead of a "grating." 
bese experiments illustrate a phenomenon known aa i 
action. The colored bands are caused by the inter- | 
ice of the waves of light which are propagated in all f 
jtione from the fine openings, tlie effects being visible 1 
use tlie trunsparent spaces are so small that the inten- J 
of the direct light from the source is largely reduced, j 
raction gratings are also made to operate by reflected j 
j. Striated surfaces, like mother-of-pearl, changeable I 

and the plumage of many birds, owe their beautiful j 
iging colors to interference of light by diffraction. 

IX. OPTICAL INSTRUMENTS, 
i5. The Simple Xagnifler, or simple mi&roscope, is a 
jle-convex lens, usually of short "focal length. The 




Jt must be placed nearer the lens than its principal focal 
th. The image is then virtual, erect, and enlarged. 
Am the object in Fig. 179, the virtual image is ab; 
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and if the eye be placed near the lens on the side opposite 
the object the impression received will be projected 
outward in the direction in whidi 
the light enters the eye, and the 
virtual image will be seen in tbe 
position of tbe intersection of 
tbe rays produced, as at ah. 

296. The Compoimd Hicrosoope 
(Fig. 180) is an inatroment ds- 
signed to obtain a greatly enlai^ 
image of very small objects. lo 
its simplest form it consists of a 
converging lens MN (Fig.'181)i 
called the object glass, and another 
converging leus RS, called tlw 
eyepiece. The two lenses are 
mounted in the ends of the tube 
of Fig. 180. The object is placed 
on tbe stage just under the objective, and a little beyond 
its principal focus. A real image ab (Fig. 181) is formed 
slightly nearer tbe eyepiece than its focal length. Tta 
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image formed by the objective is viewed by tbe eyepiflS 
and the latter gives an enlarged virtual image. (Why?) 1 
ith the objective and the eyepiece produce magnifieaticflJ' I 
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The Astronomical Telescope. — The system of lenses 
refracting astronomiciil telescope (Fig. 182) is 
to that of the compound microscope. Since it is 
id to view distant objects, the objective itfjV is of 
ipertuTB and long focal length. The real image 
by it is the object for the eyepiece, which again 
I virtual image for the eye of the observer. The 




ication is the ratio of the focal lengths of the objec- 
id the eyepiece. The objective must be large, for 
rpose of collecting enough light to permit large 
ication of the image without too great loss in 
less. 

figure shows that the image in the astronomical 
pe is inverted. In a terrestrial telescope the image 
) erect by introducing near the eyepiece two double- 
lenses, in such relation to each other and to the 
lage that a second real image is formed like the 
it erect. 

Galileo's Telescope. — This earliest form of telescope 
es an erect image by tlie use of a diverging lens for 
ipiece (Fig. 183). This lens is placed between the 
re and the real image, ab, which would be formed 
objective if the eyepiece were not interposed. 
us is practically at the image ah, and the rays of 
l^u £rom it slightly divergent for distant objects. 
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The image is therefore at A'B' instead of at ah, and it 
erect and enlarged. ThU telescope ia much shorter than 
I the astronomical telescope, for the distance between thft 

lenses ia the difference of their fooal lengths instead of 
their sum. In the opera glat» two of Galileo's telescopes 
are attached together \vith their axes parallel, 

299. The Projection Lantern is an apparatus by -wbioli * 
greatly enlarged image of an object may be 
a screen. Its three essentials are a strong light, a W" 
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Her, and an objective. The light may be the calcinml 
.t, as shown in Fig. 184, the electric arc light, or a j 
;e oil burner. The condenser E is composed of a pair J 
jlano-convex lenses, with their convex surfaces turned J 
ard each other. It h^ for its chief purpose the 1 
eetion of the light on the object by refraction, s 
)ring as much as possible on the screen. The object, | 
iraonly a drawing or a photograph on glass, is placed f 
r the condenser at SS, where it is strongly illuminated. 1 
I objective, MN, is an achromatic combination, acting I 
a converging lens to project on the screen a real, | 
jrted, and enlarged image of the object. 

00. The Photographer's Camera, a section of which is J 

wn in Fig. 1S5, consiats of a box £0, adjustable inf 

jth, blackened 

de, and pro- 

ed at one end 

h a double 

romatic lens 

', and at the 

erwith a holder 

the sensitive 
te. If by means of the rack and pinion D, the lens 
perly focussed for an object in front of it, an inverted 
ige will be formed on the plate E. The light acts on 

salts contained in the sensitized film on the plate, 
dueing in them a modification which, by the processes 
' developing " and " fixing," becomes a permanent nega- 
> picture of the object. 
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Dl. The Eye. — The eye is like a small photographic ^ 
■ with a converging lens, a dark chamber, and ^^ 
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a sensitive screen. Fig. 186 is a vertical section through 
the axis. The outer covering, or sclerotic coat ff,ma, thict 
opaque substance, except in front, where it is extended 
as a transparent 
coat, called 
cornea A. Behind 
the cornea is a dia- 
phragm D, consti- 
tuting the colored 
part of the eye, or 
the iris. The cir- 
cular opening in 
the iris is tlie jmp^, 
the size of which 
changes with tlie 
intensity of light. The pupil of the cat's eye is not 
round, but elongated. Between the cornea and the crystal- 
line lens ^ is a transparent fluid called the aqueous kuvuT, 
while the large chamber behind the lens is filled withs 
jellylike substance called the vitreoui humor. The chomii 
coat lines the walls of this posterior chamber, and on it is 
spread the retina, a membrane traversed by a network d 
nerves, branching from the optie nerve M. The choroio 
coat is filled with a black pigment, which serves to darken 
the cavity of the eye, and to absorb the light refleottd 
internally. 

302. Prodaction of Sight. — Rays of light diverging from 
the object enter the pupil and form an inverted image o" 
the retina, precisely as in the photographic camera. W 
place of the sensitized plate is the sensitive retina, from 
which the sensation of sight is carried to the brsuB 
- along the optic nerve. 
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In the camera the distance between the lens and the 
screen or plate must be adjusted for objects at different 
distances. In the eye the corresponding distance is fixed, 
and the adjustment for distinct vision is made by chang- 
ing the curvature of the front surface of the crystalline 
lens. The curvature is increased by relaxing the ligament 
which connects it with the choroid, and the focal length is 
thus diminished. This capability of the lens of the eye 
to change its focal length for objects at different distances 
is called accommodation. 

303. The Blind Spot. — There is a small depression where 
the optic nerve enters the eye. The rest of the retina is 
covered with microscopic rods and cones, but there are 
none in this depression, and it is insensible to light. It 
is accordingly called the blind spot. Its existence can be 
readily proved by the help of Fig. 187. Hold the book 



with the circle opposite the right eye. Now close the 
left eye and turn the right to look at the cross. Move 
the book toward the eye from a distance of about a foot, 
a position will readily be found where the black 
will disappear. Its image then falls on the blind 
It may be brought into view again by moving the 
either nearer the eye or farther away. 

Defects of the Eye. — A normal eye is one which, 
condition, focuses parallel rays on the retina, 
rays focus in front of the retina, because the eye- 
front to back is too long, the eye is myopiot 
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giving rise to near-sigfilednett. By intercepting the r»y» 
with a diverging lens of suitable focal length, the image 
raay be made to fall on the retina and the vision becomes 
dititiuot. 

If, on the other hand, the eyeball from front to back is 
ton Hhort, the focus for parallel rays will be back of the 
retina, and the eye is hypermetropic. One is then unable 
to see near objects distinctly, but can see distant ones. 
This kind of eye must not be confused with a prenbyopie 
one, where througli some functional defect the crystalline 
lens loses the power of adjusting itself to rays of consider 
ftble divergence. This def-efct ia known as far-sightednm, 
and is corrected by means of a converging lens. SinM 
the normal eye adapts itself jvithout painful effort to the 
distinct vision of small objects, like the letters on this 
page, at a distance of 25 cm. (10 in.), it is -customary to 
speak of this distance as that of normal distinct vision- 
Eyes ai'e classified as near-sighted when the distance rf 
distinct vision is less than 25 cm., and far-sighted when 
greater. 

Some persons are unable to see certain colors correctlj' 
This defect is known as color blindnesg. It was first oh- 
served by John Dalton and is therefore sometimes described 
as daltonism. Color blindness is due to some defect i" 
the retina, so that it is not equally sensitive to all of th* 
three primary colors (§ 290). In the case of Dalton, tb^ 
red was not perceived at all; the result was that rO" 
objects appeared black, bluish-green and white objects 
ppeared alike, and yellow objects looked green. 
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HEAT. 

I. HEAT AND TEMPERATURE. 



i. SensatiooB of Heat and Cold. — If one takes hold of I 
on rod that has just been removed from the fire, it j 
hot; on tlie other hand, if one touches a piece of ice, it 
cold. The cause of these sensations is said to be heat. 
iron feels hot because it imparts heat to the hand, and J 
36 feels cold because the hand loses heat to the ice. 

}. Natnre of Heat. — For a long time it was believed 1 
heat was a subtle and weightless fluid that caused all 1 
nal phenomena by entering bodies and possibly com- 1 
ig with them. This fluid was called calorie. About 
beginning of the last century certain experiments of 
it Rumford and Sir Humphry Davy demonstrated 

the caloric theory of heat was no longer tenable ; 
finally about the middle of the century, whea Joule . 
ed that a definite amount of mechanical work is equiv- I 
t to a definite amount of heat, it became evident that I 

18 a form of energy. The modern khietie theory, i 
iy stated, is as follows : The molecules of a body J 
i a certain amount of independent motion, generally 1 
■ irregular. Any increase in the energy of this motion 1 
ifests itself by the body becoming warmer, and any I 
«aae by its becoming cooler. The heating or the cool- 1 
of a body, by whatever process, is but the transference 1 
ae transformation of energy, I 
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307. Temperature. — It is a matter of commoc observa 

tion that if we place a musa of hot iron in contact with a 
cold one, the latter becomes warmer and the former cooler, 
the heat flowing from the hot body to the cold one. The 
two bodies are said to differ in temperature or "heat level," 
and when they are brought in contact there is a flow of 
heat from the one of higher temperature to the one of 
lower till thermal equilibrium is eatabliahed. Tempera- 
ture may be defined au the thermal condition of a body 
which determines tlie transfer of heat between it and any 
body in contact with it. Tliia transfer is always from the 
body of higher temperature to the one of lower. Temper- 
ature may be considered as a measure of the degree of 
hotness ; it depends solely on the kinetic energy of the 
molecules of the body. Temperature must be distin- 
guislied from quantity of heat. A pint of water in a 
vessel may be at a much higher temperature than the 
water in a lake, yet the latter contains a vastly greaWr 
quantity of beat, owing to the greater quantity of 
water. 

308. Heasuiing Temperature. — Bxperiment — Select three ba- 
sins A, B, ami C. Fill A witli hot watttr, B with ccld water, and C 
with tepid water. Hold one haud in A, and the other in Bforafe' 
seoonda; then transfer both to C. The water of C will feel cold'* 
the hand from A and warm to the hand from S. 

Bxperiment. — Hold the hand auocessively against a numlier of "' 
various objects in the room, at about the same height from the flw^' 
Metal, slate, or atone objects will feel colder th&a thoae of wood, ^^ 
when side by side and of the same temperature. 

It is therefore evident that the sense of touch cannot b* 
depended on to give accurate information regarding f" 
relative temperatures of bodies, and some method ind*" 
pendent of bodily sensations must be resorted to for theit 



measurement. The one most extensively used is 
L the regular increase in the length or volume of a 
.ending a rise in its teiiiperatui-e. This method is 
3d by the common mercurial thermometer. 

n. THE THERMOMETER. 

(L Thermometer is an instrument for measiiring 
tures. The common mercurial thermometer con- 
t capillary glass tube of uniform bore, ^ ^ 

md of which is blown a bulb, either 
1 or cylindrical (Fig. 188). Part of 
is expelled by heating, and while in 
dition the open end of the tube is 
into a vessel of pure mercury. As 
i cools, mercury is forced into the 
atmospheric pressure. Enough mer- 
introdueed to fill tlie bulb and part 
tbe at the lowest temperature which 
rmometer is designed to measure. 
now applied to the bidb till the ex- 
mercury lilla the tube ; the end is 
jed in the blowpipe flame. The mer- 
itracts as it cools, leaving a vacuum 
ip of the tube. 

jfecessity of Fixed Fointa. — It is evident that no 
rmometers are likely to have bulbs and stems of 
e capacity. Consequently, equal increments of 
ture will not produce equal changes in the height 
.ercury. If, then, the same scale were attached to 
Qometers, their indications would differ so widely 
results would be worthless. Hence, if thermorae- 
^ be compared, corresponding divisions on the 
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scale of different instruments must indicate the same tem^ 
perature. TJiia may be done by graduating every ther- 
mometer by comparison with a standurd, an expensive 
proceeding and for mauy purposes umiecessary, since mer- 
cury has a nearly uniform rate of expansion. If two 
points are marked on the stem, tiie others can be obtained 
by dividing the space between them into the proper num- 
ber of equal parts. Careful investigations have made it 
certain that under a constant pressure the temperature of 
melting ice and that of gteam are invariable. Hence, tfae 
temperature of melting ice and that of steam under a pres- 
sure of 76 cm. of mercury have been chosen as the fixed 
points on a thermometer. 

311. Marking the Fixed Pointi. — The thermometer ia 
packed in finely broken ice, as far up the stem as the rofli- 
cury extends. The coutaiuing vessel (Fig. 189) liaa an 
opening at the bottom toletthu 
water run out. After stauding 
in the ice for several miuutes 
the top of the thread of mer- 
cnry is marked on the stein. 
This is called the /reezin^ yot'"'' 
The hoiling point is marked 
by observing the top of the raBf 
curial column when the bulo 
and stem are enveloped in Bte»D 
(Fig. 190) under an atmospberi" 
pressure of 76 cm. (29.922 
in.). If the pressure at # 
time is not 76 cm,, then a cor- 
rection must be applied, w-t 
amount being determined by the approximate rule tbst 
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le temperature of steam rises O".! C. for every increac 
' 2.71 uim. ill the barometric reading, near 100° C. 



312. Thermometer Scales. — The distance between 
ced points is divided into equal parts called degree 
he number of such parts is wholly arbitrary, and several •] 
fEerent scales have been introduced. Tbree of these arej 
. use at the present time : the Fahrenheit, the Oentigradt^ 
id the Reaumur. The Fahrenheit scale was introduce 
f Fahrenheit about 1714, and is the one in common use^ 
1 all English-speaking countriciS. For some unknown 
sason he marked the freezing point at 32° above the zero 
t the scale, and the boiling point at 212°, dividing the 
pace between into 180 equal parts. The Centigrade scale 
^as designed by Celsius about 1742. It differs from the 
'ahrenheit in making the freezing point 0° and the boil- 
og point 100°, the space between being divided into 100 
qual parts. This 
s the one in general 
L8e among scientific 
Hen. The Reaumur 
leak marks the freez- 
ng point 0° and the 
WiHng point 80°. This is the household scale on the coq^I 
■ment of Europe; in this country its use is restricted t 
f"*werie8. Each of these scales is extended beyond thftl 
"led points as tar as desired. The divisions below 0° areJ 
fead as negative ; for example, — 10° signifies 10 degrees* 
below zero. The reading according to any particular! 
leale is indicated by affixing the initial letter of the namejS 
for example, 5° F., 5° C, and 5° R, signify 5 degret 
', zero ou the Fahrenheit, Centigrade, and Reaumtu 
ipectively. 
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313. Compariioa of Soalea. — In Fig. 191 AB is a ibee- 
motiiettir wilU tbreti scutes attached, I* is the head of thfl 
mercury column, and F, C. and R are the readings on the 
scales respectively. On the Fahrenheit scale AS = 180 
AP = J* — 32, since the zero is 32 spaces below A ; 
the Centigrade AB = 100 and AP = C; on the Reaumur 
AB = 80 and AP = R. Then the ratio of AP toABii 
J* -32 ^ C ^R 

180 100 80 
one scale in this equation the equivalent on either of tlri 
other scales is easily obtained. For example, if it is re- 
quired to express 68" F. on the Centigrade scale, then 
68-32 G 



180 100 



1 0=20°. 



314. Limitations of the Hercnrial Thermonieter. — Since 
mercury freezes at — 38°.S C, it ia evident that it cannot 
be used as the thermometric substance belt 
perature. For temperatures below — 38" C. alcohol is 
substituted for mercury. Under a pressure of one atmos- 
phere mercury boils at about 350° C. For temperatawa 
approaching this value and up to about 550° C. the thff- 
mometer stem is filled with pure nitrogen under pressure. 
The pressure of the gas keeps the mercury from boiling 
(§ 337). For high temperaturos the mercury thermome- 
ter must be calibrated by comparison with an air tiflr- 
mometer, or by reference to the temperature at wbiro 
water boils under known high pressures. 

316. The Air Thermometer was invented by Galileo aboo' 
1593 for the use of physicians. In its early form it cof 
sisted of a glass bulb on the end of a tube of small 
supported vertically in front of a scale. By warming 



■m it con* 
mallboitt I 



b of the air is expelled, and then the stem la 
I in a. liquid, as colored water, alcohol, or mercury, 
.he air cools it contracts and tlie Liquid 
the stem from atmospheric pressure. 
, 192 the bottle containing the liquid 
as a support. If the temperature 
le liquid column is depressed ; and if 
perature falls, the column rises. The 
lent is remarkable for its sensitive- 
lat ia, for the large movements of the 
or small changes of temperature ; but 
^reatly modified in construction, mak- 
quite complex in plan, it is only a 
scope, because its readings change 
roTj change in barometric ] 



I 



Questions and Problems. 



rfew of the fact that alcohol expands quite irregularly, what 

I the beat way to graduate an alcohol thermoroeter ? 

the bulb of a thermometer be plunged into hot water, the 

at fii«t falls. Why ? 

hat will be the effect on the distance between the fixed 

' a thermometer if the tube has a very email bore? If it has 



hy is a thermometer with a oylindrioal bulb preferable to 
a spherical bulb ? 

hat would be the effect on the readuigs of a. mei 
leter, if, after graduation, the bulb should contract ? 
hat would be the nature of the error in a thermometer if the 
tube t#pered outward from the bulb? 
the air thermometer, should the cork fit the bottle air-tight? 



vetwo reasons why mercury is the mostsuitableof all known 
or use in thermometers. 
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9. ExpreM iit the Fahrenheit ticale the following : V2(f C, - 40° 
C, 35° C. 5° C. , 

10. Express in the Fahreuheit Hcale the difference between 6 
and 80° F. 

11. Express in the Centigmde scale the followiiig : 68° F., — 1« 

60° F^ - 22° F. ■ ,■ J • - i ri) ' 

12. It is claimed that Olszewski has obtained a teraperatiu 
-271.3'' C. What teinpernture would this be on the Faiirenheit 



13. Eipress the following temperatures in the Fahrenheit scale,' 
\/ boiling point of nitrogen — 195°.5 C., melting point of hTdrogen 

-257" C, alcohol flame 1700° C. ■ , ' 

14. When the baroueter readiug ia 72 cm., -what is the boiling 
point of water? 

15. When the boiling point of water is 95° C, what is thu 
' barometric pressure ? 

16. A thermometer provided with both a Centigrade and i 
Fahrenheit scale was used in taking the temperature of a room. Tbe 
sum of the readings was found to be 88. Wliat was the reading of 
each scale ? 

17. Wliat ia the temperature of an oil bath, when the reading Dni 
Fahrenheit thermometer standing in the oil is twice that of a CenD- 
grade? 

18. The boiling point of water according to a certain thetmonwW 
is found to be l)8''.5C.,wheu the barometer pressure is 745 mm. I'lT"' 
is the error of the thermometer at this boiling point? Whs' " 
the correct temperature when this thermometer reads 30° C., »*" 
samitig the zero point correct? 

[Find the true boiling point, then compare the false scale with W* 
true, Just aa the Centigrade^scale is, compared with the Pahrsw"' 
in § 81.?,] I ■ ' , i'T^. 

19. If a thermometer reads 1" C. in melting ice, what is flw «*'' 
reot temperature when this thermometer reads 22° C, assDiuii^ 
ttiat the boiling point ia right? 




M. If the reading of the true boiling point of water is ! 
it will the thermometer read when placed in a bath whose tern 
ature is 30° C, aasuiuing the zero point right ? 



116. Expansion of Solids, — EKperiment. — A. metallic rod i 
g. 103J is supported liorizontally in such a manner that the e 
rests firmly against a support, while the end B testa t^aini 




the short arm of a hent lever Z, the long arm moviDg over al 

le M. Place a spirit lamp under S- The pointer Z will more fl 

KBrd on M, allowing that the rod ia increasing in length. 

Szperiment. — Rivet together at short 

Btvala a strip of sheet iron and one 

iper (Fig. 194). Support the enda and 

ce a spirit tamp under the middle. Thia 

oposite bar will heiid into an arc with 

I copper oil the convex side, showing that 

the two metals expand unequally and 
that the copper expands more than 

Experiment. — Fig. 1B5 illustrates 
a piece of apparatus known as Grave-^ 
sande's ring. Tt consists of a metallic J 
ball that at ordinary temperature!' | 
will just pass through the ring. J 
Heat the ball in boiling water, 
will now rest on the ring and will j 
cooled. 
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I These experiments show that Bolids expand id every 
direction when beuted and contract when cooled, the 
amount varying with the substance. Stretched india-rub- 
ber and iodide of silver are exceptions to this law; for 
witliin a certain range they contract when heated and 
expand when cooled, 

317. Ezpamion of liquids. — B^periment Prepare severa! 

glsBB lulies of the same bore, closing them at one end with a blow- 
pipe. Fill each of them to the height of about 15 cm., but with dif- 
iereiit liquids, aa water, alcohol, giyceriue, etc., each cotored with an 
anilioe dye. Support the tubes in a vessel of hot water. The liquidi 
will rise in the tubes, but not equally. If placed in ice-water ihey 
contract unequally. 

The experiment shows that liquids, like solids, expand 
when heated and contract when cooled, the amount depend- 
ing on the nature of the substance. It also shows that the 
expansion of liquids is greater than that of glass, otherwise 
there would have been no apparent increase in their volume. 
Some liquids do not expand when heated at certain points 
on the tbermometrio 
Water, for ex- 
ample, on heating from 
0°C.to4''C. contract*. 
but above 4° C. it ex- 
pands. 

318. Expansion «' 
Gases. ^ — Experiment. — P' 
a bent delivery-tube to » 
small Florence flask {^' 
196). Fill the flaak "it* 
air and place the upturnw 
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tir will expand aod escape through the delivery-tube into 
ler ; note the amount. Now refill the flask with soiue other gas, 
il gas, and repeat the experiment. If the work ia carefully done, 
I be seen that the amount of gas collected each time is constaiit, 
iig that the expansioa is the same. 

le investigation of gases by Gay-Lussac, Charlea, | 
lault and many others has proved that all gases I 
nd very nearly alike at atmospheric pressure, ap- j 
cMng equality as the pressure is diminished, 
are easily liquefied, as carbon dioxide, show the 1 
tst variation in their coefficient of expansion, 

9. CoefScient of EzpaUBion. — tt appears from the pre- 
ig experiments that 8ub8tanc«s when heated expand j 
rery direction. Thia expansion in volume is called I 
ai expansion, in distinction from linear expansion, or I 
nsion in length, and superficial expansion, or expansion 
ea. The coefficient of linear expansion ia the fraction 
B length which a body expands when heated from 
, to 1° C. ; the coefficient of gaperficial expansion is the 
ion of its area which a body expands when heated I 
. 0" C to 1° C. ; and the coefficieni of cubical expansion 
e fraction of its volume which a body expands when 
ad from CC to 1°C. Since the expansion of most 
tances ia found to be nearly constant for each degree I 
smperature, it is customary to determine the mean 
ictent for a change of several degrees. If ?i and | 
present the lengths of a metallic rod at the tempera- 1 
9 (j and (j respectively, then ' ' = -^ — ^ is the I 
kusion for 1°, in which ( is the difference of tern- 
tores. If a represents the mean coefficient of expan- j 

I then a = — i— ^ ; whence Zj = 1^(1 + af). In like J 



gas, ^^ 



te 
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for volumefl, if h is the coefficient of cabicsl 
expjinsion, v, and v^ the volumes at the temperatures tj. 

anil (j resijectively, then k = — - — - ' - = -3 — — i ; whence 
», = .,(! +B). •.('.-«.) •■■' 

In the ciiHG of solids, superficial and cubical expansion 
are obtained by computation from the linear expansion, the 
coeflicient of the former being twice the linear, and that 
of the latter three times. 

320. Law of Charlee. — It was shown by Charles, in 1787, 
tliat the volume of a given mass of any gas under constiuit 
pressure increases by a constant fraction of its volume st 
zero for each rise of temperature of 1° C. The investiga- 
tions of Regnault and others show that the law is not 
rigorously true, and that the accuracy of Charles's law is 
about the same as that of Boyle's law. The coelhcient of 
expansion k of dry air is O.0036(i5, or about ^^. This 
fraction may be considered as the coefficient of any true 

gilS. 

321. The AbBolute Scale. — The law of Charles leads to » 
fourth scale of temperature called the absolute seaU. B? 
this law the volumes of any mass of gas, under conatent 
pressure, at 0° C, and at any other temperature f C, U*j 
connected by the following relations (§ 319): 

f = »(,(1 +ffTff*)='-273 

At any other temperature, <', the volume becomea 
,_ ,„<-2-3 + f) 



Suppose now a new scale is taken, whose zero is 27aH 
ntigrade divisions below the freezing point of watei^ 
i that temperatures on this scale are denoted by ^9 
len 273 + ( will be represented by T, and 273 + 1' bj 
> and H 

1) ^ 273 + t ^ r ■ 

v' 278 + (' 7*' fl 

the volumes of the same maaa of gas under constant pre»-% 
'e are proportional to the temperatures on this new scale. . | 
le point 273° below 0° C. ia called the absolute zero, and J 
1 temperatures on this scale, absolute temperatures. Up I 
the present it has not been found possible to cool a j 
iy to the absolute zero ; but by Evaporating liquid .4 
drogen under very low pressure, a temperature esti- I 
ited to be within 9° of the absolute zero has been I 
tained by Professor Rewar. ■ 

3!i2. The law of Boyle and Ckarles Combined.— If v, p^M 
d T denote the volume, pressuTe, and absolute tempera-J 
re of a given mass of gas, then by Boyle's law (§ 161) J 
K— when y is constant; and by the law of Charley!! 

« T, when p is constant. Therefore when T and p ■'! 

ith vary, v varies directly as T and inversely as p, or 1 

T J 

"* — . Whence pv « T, or pv = constant x T. ThisJ 

■lation is known as the "gas equation" and is written I 
ps=-RT. C26yl 

R is the constant which converts a proportionality intoifl 
^equality. It follows that not only i-i the volume of.»,'l 
iven mass of gas under constant pressure proportional to-l 
* absolute temperature (§ 321), but the product of thel 
teasure and volume of a given mass of gas is proportional! 
Iiia^solute temperature. h 
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To iltustrate the uae of the above relation: If 20 cm*. 
of gas at 20" C. is under a pressure of 76 cm. of mercaiy, 
what will be the pressure when ita volume is 30 em^. and 
temperature 50" C? 

I Prom (-6), ^- is iv constant, 





T T'' 


Henee 


76 X 20 ;, X 30 
273 + 20 273 + 50' 


om which 


p = 55.85 cm. 



323. Force of Contraction and Expansion. — Ezpeiuneiit.— FiU 
% small teBt-Cube about one quarter fuU of water, and close tbeaod 

f fusiou. Laj it in an empty siitid bath oa the ring of at 
tnd. Apply heat, and litand at a safe diatance. In a few mianM 
« will be a loud report, cauaed by the bursting of the tube. 

The force of expansion or of contraction of a substance is 
evidently equal to the force necessary to compress or ex 
it to tbe same extent by mechanical means, and hence cm 
be computed by proceeding in the manner illustrated m 
the following example : A bar of malleable iron, OD^ 
square inch in cross -sectional area, if placed under tbe 
tension of a ton, increases in length 0.0001 of itself. Tb6 
coefficient of linear expansion of iron is O.O00012*- 
Since 0.0001 -j- 0.0000122 =8+, a change of temperatnre 
of about 8° C. will produce the same change in the length 
of the bar as a force of one ton. 

324. Applications of EzLpansion. — Many familiar ph^" 
nomena are accounted for by expansion or contractiol 

^attending changes of temperature. If bot water iaponre* 



w^^^m 
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into a thick g'lass tumbler, the glass will probably break 
because of the strain produced by the sudden expansion 
of ita inner surface. The principle of unequal expansion 
is employed in thermometers, in the compensated clock 
pendulum (§ 77), and in the balance wheel of a watch. 
Glass and platinum have nearly the same coefficient of 
expansion. For thaj; reason platinum is in great demand 
in the manufacture of incandescent electric lamps, since it 
does not crack the glass when it cools. Iron tires are 
fitted to wheels and then expanded by heating so that 
they slip on easily ; on cooling, they contract and com- 
press the wheel. The rivets which hold together the 
plates of steam boilers are inserted red-hot, and hammered 
down. The contracting rivets press the plates together 
with great force. In all heavy iron structures, such as 
railroad bridges, a certain freedom of motion of the parts 
must be provided for ; otherwise, the ebanges in length 
attending variations in temperature would have a disas- 
trous effect. Sidewalks of artificial stone should have 
spaces left for expansion to prevent "buckling." Crys- 
talline rocks, on account of unec[ual expansion in different 
directions, are slowly disintegrated by changes of tem- 
perature ; and for the same reason quartz crystals, when 
strongly heated, fly in pieces. 

Problems. 

1. Account for the, iact that a plasa stopper can ordinarily be 
looaeBeil liy warming tlie neck of the bottle. 

a. Why must temperature be considered in preparing a table of 
denaitieH ? 

3, In iletertnjning tlie mean coefficient of linear expansion of a 
^3 rod the following data were obtained; length at 1S°.5 C, 59.8 
^Btl length at 08° C, 58.&8S8 cm. Calculate the coefficient. 



/ 
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4. An iron bar is 1 m. long at 0° C. What will be its length at 
30° C, the coefficient of linear expansion being 0.0000122 ? ' . -; 

5. A steel tape 2 m. long is correct at 1Q° C. What is the error 
made in measuring with it a distance of 50 m. at a temperature of 
24® C, the linear coefficient of expansion being 0.00001322 ? .... 

6. The coefficient of linear expansion of zinc is 0.00002976. Find 
the increase in area of a zinc disk 1 ft. sq. ii^ heating it from 20® C. to 
40® C. 

7. An aluminium cube is 5 cm. on each edge at a temperature of 
10^ C. Calculate the change in volume produced by heating it to 
100° C, the coefficient of linear expansion being 0.00002221. / *" ■ ** 

8. The coefficient of linear expansion of glass is 0.0000086. If & 
specific gravity bottle holds 50 cm*, at 15° C, what will be its capacity 
at 25® C? 

9. The coefficient of linear expansion of steel is 0.00001322, and 
that of zinc is 0.00002976. Calculate the length of a zinc rod that 
will have the same increase in length as a steel one 100 cm. long. ,' -'' 

- • 

10. The length of the iron bridge across the Menai Straits w 
461 rn. Find the change in length of this iron tube between — 10° C. ^^ 
and 35° C, the mean coefficient of expansion of iron being 0.00001^2. ' 

11. A mass of air has a volume of 500 cm*, at 5° C. What will"® 
its volume at 45° C, the pressure remaining the same ? ^r \% '7; 

12. If the volume of a quantity of air at 20® C. is 200 cm*M** 
what temperature will its volume become 300 cm*., the press^^ 
remaining the same ? ' ' 

13. 200 cm*, of air are heated from 0°C. to 30® C, and at the l^-^^ 
temperature the volume is found to be 222 cm*. What is the resul*'^^ 
coefficient of expansion ? 

^ ii 

14. What will be the volume of air measuring 10 cu. ft. at 0° *-^'' 

the temperature be raised to 273° C, and the pressure be double^:^ 

15. A litre glass flask of air at 0° C. is heated to 30® C. ^^1 
many cm*, of ak jpsc^jpe at 30® C, neglecting the expansion of 

glass? ' ' ' ^'' 



How much gaa must be collected. at a, temperature of 20' 
4 cm. barometric pressure to give 100 cm', at 0°C. aud 76 ci 



7. A flask is filled with air at 20° C. and 74 cm, pressure a 

1 stoppered. If the flask be then heated to 100° C., under wh 
sure will the air in the flask be, aseuming that the flask does □ 
md? ,.^^ ,^_ 

8. A litre flask filled with air at 0= C. is heated to 100° C. Wh 
me of air measured at 0° C. will escape? 1- !." t ' ' i-'i-.- 

9. A vessel of air at 0° C. is heated to 67° C, when it ia found ths{ 
m'. of air at the latter temperature have escaped. What was tbi 
wity of the vessel at 0° C. ? ; ; . ^ , i^-^ 

O. A quantity of gas is collected in a graduated tube over ro 
volume of the gas at 20° C. is 50 cni°., and the level of the i; 

le tube ia 20 cm. above the outside mercury level. The baromete 

ids at 75 era. Find the Tolume that the gas would occupy at OT 
78 cm. pressure. !.• 

The pressure of the gas in the tube is 75 — 20 = 55 om.] 

a. 100 cm', of oxygen are collected at 20° C. and 74 cm. pressur* 
what pressure must the gas be subjected to maintaio the volant 
hanged if the temperature is raised to S(f C? ■ cf, . 

12. If a volume of air measured at O^C.'flnd 78 cm. pressure is 
[er a pressure of 80 cm. of mercury, to what temperature must tbl 
be raised to keep its volume constant? \ i»'H' ^ 

13, A litre flask contains 1.20 gm. oi dry air at 0° C. and 76 oi 
ometrie pressure. At what temperature will a litre of air weigh J 
tn. if the pressure ia 72 cm.? 



^^P rv. MEASUREMENT OF HEAT. 

185, tTnit Quantity of Heat. — ^For the pvirpose of meaa* 1 
ng the quantity of heat gained or lost by a body i 

i^erature or its state changes, it is necessary to adoptfl 
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a unit of heat. The one most commonly used in conneclion 
with the metric system is the" quantity of heat that will 
raise the temperature of one gramme of water one degree 
Centigrade. It is called a calorie. There is no agree- 
ment as to where the one degree shall be on the scale 
between the freezing and the boiUng points. An exact 
definition requires the degree to be specified, because it is 
known that the heat required to raise a gramme of water 
from 4° to 5° is not the same as the quantity required to 
raise it from 14° to 15°, for example. The difference, 
however, is small ; and in this hook the heat necessary to 
raise a gramme of water through one degree at different 
temperatures will be assumed to be the same. 

326. Themial Capacity. — The number of calories re- 
quired to raise the temperature of a body through ona 
degree Centigrade is the thermal capacity of the body- 
The thermal capacities of equal masses of different sub- 
stances ditfer widely. Thus, if 100 gm. of water at tJ 
be mixed with 100 gm. at 100°, the temperature of ^^ 
whole mass will be very nearly 50°, But if 100 gm. c»* 
copper at 100° be cooled in 100 gm. of water at 0°. tl»^ 
final temperature will be about 9°.l. The heat lost »'S 
the copper in cooling through 90°. 9 is sufficient to rais^ 
the same mass of water through only S^.l. 

327. Specific Heat. — The thermal capacity of a uD^' 
mass of a substance is its specific heat. In the metn 
system the number of calories necessary to raise the te*" ' 
perature of one gramme of the substance through o<* 
degree Centigrade, at any temperature, is its speciiie h^* 
at that temperature. Specific heat varies a little with tf^ 

oaperature, but for most purposes it may be assumed 




J 
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constant. The specific heat of mercury is 0.033 ; this 
3ans that the heat which will raise 1 gm, of mercury 
rough 1° C. will raise 1 gm. of water through only 

033 C. 

The following tahle gives the specific heat of several 
btances at the mean temperatures of the second column, 
d in terms of water at 15° C. 



Water . 
Water . 
Water . 
Ice 






5° 
15= 

-10° 






1.0041 
1.0000 
0.0087 
0.502 


Paraffin 






10° 






O.094 


Copper . 
Zinc . 






50° 
50° 






0.0112 
0.093 


Iron 

Mercury 






15= 
50° 
20° 






O.IOO 
0.032 
0.033 



328. Specific Heat by Method of Hixtnrea. — Eaperiment.- 

ice a known number of graramea of Lead shot in a teat-tube, cloainjf ^ 
I end loosely with a plug of cotton. Suspend the test-tube for 
enl minutes in boiling water. The temperature of the shot will 
n be that of the water. Now pour the shot quickly into a beaker 
iteiiting a known quantity of "water at the temperature of the room 
a little lower. Stir gently with a thermometer for a few seconds, 

I record the temperature. The mass of the water in graiimies, 
Itiplied by the gain in temiwrature, will be the number of calories 
teat gained by the water, and this same quantity is lost by the 
It in cooling from the temperature of Lolling water to that of the 
ai temperature of the beakej and its contents. This number, 
"ided by the product of the number of gramiriBH of shot and its 

II in temperature, will be the specific heat of lead. 

The experiment illustrates the process of obtaining 
iecific heat by the "method of mixtures." In practice 
' is necessary to take into account the thermal capacity 

Sveeael containing the water, since the vessel and its 
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contents change temperature at the same time. This ia 
done by nHcertaining wba.t masa of water will have the 

same thermal capacity as the vessel and adding this 
amount to the mass of water in the vessel. The mass of 
water liaviiig the same thermal capacity as the vessel is 
known as the "water equivalent" of the vessel. It may 
be found either by experiment, or by multiplying the 
of the vessel, expressed ia grammes, by the specific heat 
of the material of which it is made. 

In the treatment of problems under this subject, the 
principle applied is that the gain or loss of heat by 
the water (or other liquid) heated or cooled is equal to the 
heat lost or gained by the body introduced. The loss 
gain of heat on the part of the body is equal to the 
product of its mass, its specific heat, and its change of 
temperature. 

X To illustrate: 20 gm. of iron at 98° C. are placed in 
75 gm. of water at 10° C. contained in a copper beakei 
whose mass is 15 gm. and specific heat 0.095. The result- 
ing temperature of the water and the iron is liJ'.fiC.; 
find the specific heat of iron. 

The water equivalent of the beaker is 15x0.093^ 
1.425 gm. The heat lost by the iron is 20 x « (98 - 12.5}> 
that gained by the water and copper vessel is (75 + 1.42S) 

X (12.5 — 10). Placing these two quantities equal to 
each other and solving for a, the specific heat of iron, ** 
have 8 = 0.112. 

Further illustration: 20 gm. of iron, specific heW 
0.112, at 98° C. are placed in 75 gm. of water at lO'C. 
contained in a copper beaker, whose mass is 15 gm. ftW 
specific heat 0.095. What is the resulting temperatort 

. The water equivalent of the beaker is 15 x 0.095* 
1.425 gm. The number of calories lost by the iron" 
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X O.lld (98 — (); the Dumber gained by the water andfl 
iker is (76 + 1.425) x(f — 10); in both expressions t iJ 
5 temperature sought. Placing the beat lost by th^| 
n equal to the heat gained by the water and beakerj 
i solving for (, we have ( = 12°.5C. ■ 

ProtalemB. I 

L. 135 gm. of a substance at a temperature of 78" C., when inimertied J 
350 gm. of water at 12° C, gave a resulting temperature of 18° CM 
■at is the specific heat of the 3ub8tanc« 1 'f fl 

1. A piece of silver weighing 50 gm. is heated to 83° C. and thelM 
pped into 200 gm. of water at 10" C, The resulting temperature !■■ 
C. Find the specific heat of silver. t • o\i t- M 

3. An aluminium beaker weighs 54 gm. Find its thermal capa»-^ 
, the specific heat of aluminium being 0.212. What is its water V 
livalent ? 1 1 - i' ^ ^-^ • ' C , , 

4. A lead hall weighs 250 gni! How much heat would it require to 
K it troui 10° C. to 100° C, the specific heat of lead being 0.0314? , ' 

5. A ball of iron (specific heat, 0.112) at 90° C, weighing 200giii., i 
ipped into 100 gm. of water at 20° C, contained in a copper disB] 
Kcific heat, 0.095) weighing 100 gm. Calculate the resulti 
nperature. ■ '''■ 'f ' '-- 

[The water equivalent of the copper dish must be calculated a 
led to the quantity of water.] 
G, A mass of 250 gm. of copper (specific heat, 0.095) is heated taM 
)°C, and placed in 100 gm. of alcohol at 10° C., contained in acopperfl 
otlmeter whose water equivalent is 20 gm. ; the temperature 
'C. Find the specific heat of alcohol. . I'l I 

7. To what teraperatnre must ablock of lead (specific heat, 0.0314]fl 
lighing 500 gm. be heated in order that it may, when dropped ii 
pa, of water at 15" C. including water equivalent of the oalorimete^'J 
lie the water to a temperature of 35° C. ? _■' ■ 

8. The specific heat of antimony is 0.0507. What mass of 
in be raised from 0° to 15° C. by plunging into it 1 kgm. of antimonyfl 

ft A piece of platinum weighing 100 gm. (specific heat, 0.0323) & 
n. a furnace and at once dropped into 90.5 gm. of water a 
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10° C. contained in a copper beaker (specific beat, 0.095) weighii 
100 gm. The final tempfratun; is 40° C. ; find the teniperatiin 

10. Determine the specific Leat of a brass ball from the fdlowiitf 
lata:— -^-.^ 

l^ater equivalent of the calorirneter .... 23.M g 

ITeight of water in the calorimeter .... 500 pa 

'initial temperature of the water in the calorimetei . 10° C> 

Weight of the brass bull 130,3 g 

Temperature of tlie brass ball SSfC. 

Final temperature of tiie water 20° C 

T. CHANGE OF STATE. 

329. The Melting Point. — When a body changes ttm 
iie solid to the liquid state bj the application of heat. 'A 
I said to melt, or fuse, and the change ia called meltingi^ 
■ fuaioriy or liquefaction. The temperature at which fusioa 
takes place is called the melting point. Solidification W 
freezing is the converse of fusion, and the temperature 
of solidification is usually the same as the melting point « 
the same substance. Water, if undisturbed, may he coolw 
a number of degrees below 0° C, but if it is disturbed it 
usually freezes at once, and ita temperature rises to tbs 
freezing point. 

The melting point of crystalline bodies is well mariei 
A mixture of ice and water will remain without change* 
the temperature is 0° C; but if the temperature isaboW 
zero, some of the ice will melt; if it is below zero, 
of the water will freeze. Some substances, like ifWi 
glass, and wrought iron, have no sharply defined meltJnj 
point. They first soften and then pass more or less sloifl] 
into the condition of a viscous liquid. It is this proper^ 
which permits of the bending and moulding of glass, 
the welding and forging of iron. 
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330. Cbange in Volume accompanying rasiou. — Most sub- 
fcancea occupy a larger volume in the liquid state than in 
be solid ; that in, they expand on liquefying. A few 
obstances, like water and bismuth, expand on solidifying. 
iThen water freezes, its volume Luoreases nine per cent. 
f tluB expansion is resisted, water in freezing is capable 
f exerting an enormous force. 

Ezpenment. — Fit to a aniEill bottle a perforated stopper through 
Aiich passes a fine glass tube. Fill 'with water freed from air by 
toiling, the water extending halfway up tlia tube, and then pack in 
I mixture of salt and fijielj broken ice. The water column at first 
rill fall slowly, but in a few minutes it will begin to rise, and will 
pntinue to do so till water flows out of the top of the tube. The 
r»t«r in the bottle freezes, and the attending expansion causes the 
frerflow. 

1 331. Laws of Fmion. — The following laws have been 
iBtablished by experiment : — 

, I. Every crystalline substance begins to melt at a definite \ 

iperature, which is invariable for each substance if the 
ffMstire is constant. 

II. The temperature of a body, when slowly melting, re- I 
ptdtfU constant till the whole mass is melted. 

III. Sui stances that expand on solidifying have their 
^f^ng points lowered by pressure^ and vice versa. 

The following interesting experiment illustrates the 
Wt law : — 

Izperiment. — Support a reetangnlar block or prism of ice on a stout 
If of wood. Pass a small iron wire around the ice and the bar of 
Hispend on it a weight of about 25 kgm. The pressure of 
e lowers the melting point of the ice, and the ice melts; the 
r, after passing around the wire, where it is relieved of pressure, 
!a. In this way the wire passes slowly through the ioe, 
gthe block solidly frozen. 
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332. Latent Heat. — When a body passes slowly from 
ffxae state to auother, as from Ibe solid to the liquid, tliers 

I no rise of temperature, notwithstanding the constant 

bipplication of heat. When this fact was first observed, it 

1 generally believed that heat was a kind of mattec, 

ailed calorie. This view led to the introduction of two 

terms, seneible heat and latent heat ; the former denoting 

)at which changes the temperature of a body, and the 

(tter heat which changes its state without affecting its 

temperature. The advocates of the caloric theory of heat 

ihought that heat became hidden or concealed in the pro- 

1 of fusion, and they therefore called it '* latent heal." 

J'We now know that this view is incorrect, and that the 

neat which disappears during a change of state ceases to 

"be heat, and is energy converted into the potential form 

in the work of giving mobility to the molecules. Tlis 

term latent should therefore no longer be applied to best' 

333. Heat of Fasion. — When a solid fuses, a quantity 
of heat disappears ; and, conversely, when a liquid solidi- 
fies, the amount of heat generated is the same as &" 
appears during liquefaction. The heat of fu»ion of * 
substance is the number of calories required to melt » 
gramme of it without change of temperature. The li«* 
of fusion of ice is 80 calories. Tlie manner of measurii^ 
it is illustrated by the following example: — Place 200, 
of clean ice in 500 gm, of water at 60° C. The ice melt* 
and reduces the temperature of the whole to 20° C. Tbffli 
the heat lost by the 500 gm. of water equals the I**' 
required to melt the ice plus the quantity required W' 
raise the water formed from the ice from 0° C. to 20° C 

500 (60 - 20) = 200 X X + 200 x 20. 
Whence the heat of fusion L equals 80. 
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Heat Lost in Solution Experiment. — Fill a test-glass 

part fall of water Ht tbe teiuperuture of the room, and add some finely 
I divided ammooiuni nitrate. A tljermometer will show a sensible fail 
I of temperature. 

periment. — Make a saturated solution of sodium liyposulphLte at 

^rature of 30° C. in a small flask. • Pass a thermometer through 

o that its bulb is in the solution. Cool slowly -without dis- 

g the solntion to about 20° C. The solution is then undercooled, 

9 eryatals should form. Now remove the thermometer very 

■liy and allow the liquid on tlie bulb to evaporate till some 

9 of the sodium hyposulphite have formed. Replace the thar- 

n the solution. Rapid crystallization will set ia and extend 

whole solution. At the same time tiie temperature will 

wut 30° C. 

J first experiment illuatrates the fact that heat is 

led when a body pasaea from tlie solid to the liquid 
I even by aolution. It sometimes happens that thia 
ption of heat is masked by the heat evolved by chem- 
lotion between the dissolved body and the solvent. 

ing mixtures are based, on the principle o£ the 
ption of heat during the passage of bodies from 
(olid to the liquid state. When salt and pounded 
nixed, both solids become liquid and absorb heat 
3 transition from the one state to the other. 

B second experiment is the converse of the first, and 
1 that heat is evolved when a substance becomes a 
Why crystallization from solution. 



Taporization. — EicperuneDt. — Pour a few drops of ether 
l^lwakec and cover loosely witli a plate of glass. After a few 
^ bring a. lighted taper to the mouth of the beaker. A sudden 
'U show that tlie rapor of ether was mixed with the air. 

-Support on an iron stand a beaker two-thirds full of 
ir and apply heat. In a short time bubbles of steam will form at 
I Qie bottom of the benker, rise through the water, and burst at the top, 
M^S 'nolent kgjtaticm throughout the mua. 
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Vaporization Id the conversion of a substance into the 
ieouB form. If tbe change takes place slowly, as ia the 

pst experiment, and from the surface of a liquid, it is 

Jled evaporation; bat if the liquid is visibly agitated by 
bpid internal evaporatipn, the process is called ehuUitiM 

t hoUing. 

I There are two other varieties of vaporization, namely, 
Bie spheroidal state and sublimation. When a small quan- 
JKty of liquid is placed ou hot metal, as water on a red-hot 

»VB, it assumes a globular or spheroidal form, and evapo- 
JBtes at a rate between ordinary evaporation and 

3 vapor acts like a cushion and prevents actual contact 
letween the liquid and the metal. The globular form is 
surface tension. Liquid oxygen at a very loir 
Bemperaturo assumes the spheroidal form when plaoetl oa 

rater. The temperature of the water is relatively high 
compared with that of the liquid oxygen. When a aul)- 

tance passes directly from the solid to the gaseouB form 
taritbout passing througli the intermediate state of a Uquii 

b is said to sublime. Arsenic, camphor, and iodine sai- 

me at atmospheric pressure, but if the pressure be suffl- 
biently increased, they may be fused. Ice also evaporaW 

lowly at a temperature below 



Laws of Evaporation. — The laws of evaporatiMi 
Bstablished by experiment are as follows : — 

I. The rate of evaporation increases with rise of ("** 
terature. 

II. T/i4! rate of evaporation increases with the free SMJ?*" 
f the liquid. 

This principle is utilized in the manufacture of 8»lt »J 
lung large shallow pans for the brine, or by allowing "* 
llrine to trickle over bundles of twigs. 
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in. The rate of evaporatio?i is increased by a continual 
change of air in contact with the liquid. 

If the suiTounding air is at rest, it Boon becomes satu- 
rated with vapor from the liquid, and the rate of evapora- 
tion is checked. The drying action of the wind on roads 
after a rain and on wet cloth hanging in the air are illus- 
trations in point. 

IV. The rate of evaporation ie increased by diminishing 
the vapor pressure. 

In order that syrups may be concentrated at a low tem- 
perature to avoid burning, the operation is carried on in 
large covered pans from which the air and vapor are 
exhausted by air-pumps. 



337. Laws of Eballitioti. — The following laws express 

the results of experiment : — • 

I, £!aeh liquid has its own boiling point, which is irivari- 
lAlefor that liquid under the saTne conditions. 

II. The boiling point is dependent upon ike character ijf 
in/ner surface of the containing vessel. 

temperature of boiling water is slightly higher if 

ler surface of the containing vessel is smooth than 

Eis rough. But the temperature of the vapor given 

:independent of the nature of the vessel. Hence, in 

' the boiling point on a thermometer, the thermom- 

immersed in the steam and not in the water 

HI. The boiling point is raised by salts and lowered hy 

's dissolved in the liquid. 

When the air has been boiled out of water, the temper- 

Itnre may rise several degreee before ebullition sets in ; 

BUllta saae the inner surface of the veaael is very smooth. 
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the boiling proceeds intermittently and explosively. The 
phenomenon is called "bumping.'" 

IV. The hoilinff point W*e» with increase of pressure and 
falls with decease of prenture. 

The effect of pressure on the boiling point is seen 
the low temperature of boiling water at high elevation^ 
and in the high temperature of the water under pressure 
in digeatera used for extracting gelatine from bones. 
The change in the boiling point of water near 100° C is 
OM for an increase of pressure of 
2.71 mm. of mercury. The follow- 
ing experiments show the effect of 
reduced pressure : — 




I. Place 1 



flask of warm water miiJM 
-pump. It will W 



of 
violently when the receiver is esUaiiaWd. 

2. Fill a, round-bottomed FloreDOO fi«d: 
half full of wat«r and heat till it boils vif 
orously. Cork the flask, invert, and IQ? 
port it on a ring stand (Fig. 1B7). Tli8 
bciling ceases, but is renewed by appljiot 
cold water to the flask. The cold ttsW 

condenseB the vapor, and reduces the pressure withio the fluk H 

that the boiling begins again. 

338. Selation of Altitude to the Boiling Point. — It hu 
already been stated that, since atmospheric pressure de- 
creases with the elevation, the boiUng point of a liqoii 
also decreases. Hence, the boiling point of water ra"? 
be used as an indicator of the height of a place aboW 
the level of the sea, A change of elevation of about 
295 m. makes a difference of I'C. in the boiling point' 
Thus, at Quito, the highest city in the world, the averag* 
boiling point is 90°.l C. Hence, the height above bW 



evel !3 295 X (100- 90.1)= 2920.5 metres, a quantity 
freater than the true height by 34. -4 metres, 

339. Cold by Evaporatioa. — Ejtperimeat. — Put a few drops 
f ether on the bulb of an air thermometer (§ 315). The index at 
ooe begins to rise, showing that the bulb hs,s been cooled. 

In the evaporation of the ether, some of the heat of the 
hermometer bulb has been used to do work on the liquid. 
Che rapid evaporation of liquid ammonia is utilized iji 
he artificial production of ice. Sprinkling the floor of 
^ room coola the air, because of the heat expended in 
pvaporatiug the water. Porous water vessels keep the 
water cool by the evaporation of the water from the out- 
pde surface. Liquid carbon dioxide is readily frozen by 
|ts own rapid evaporation. Dewar liquefied oxygen by 
^eans of the low temperature obtained through the suc- 
Bessive evaporation of liquid nitrous oxide and ethylene. 
In like manner, by the evaporation of liquid air he has 
liquefied hydrogen. The evaporation of liquid hydrogen 
onder reduced pressure haa enabled him to maintain a tem- 
perature within less than 16° of the absolute zero (§ 321). 

340. Condensation and BistUIation. — When a vapor is 
|liquefled, all the heat that has disappeared during vapori- 
izatioo ia generated again. This fact is applied in steam 
locating. Some gases may he made to assume a liquid form 
[throngh their affinity for a Uquid. Thus, for instance, 
[■■*hen ammonia gas is brought in contact with water, it 
[•s rapidly absorbed with a marked rise of temperature. 

JHitillation involves both evaporation and condensation. 
plire water, free from foreign substances such as vegetable 
[tod mineral matter, ia obtained by distillation. If two 
I are mixed together, the more volatile will be 
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vaporized bj heat first, and it may be condensed taii 
collected by iteelf. In this way alcobol is separated 
from fermented liquors. The ap- 
paratus used for evaporating thfl 
liquid is called the etill, and that 
for liquefying, the eondemtr. Tho 
latter ia usually a coiled tnbe, 
called the worm, surrounded hy 
water. Fig. 198 illustrates one of 
the forms used in laboratories. 

341. The Dew Point. — Bxpetiment 
!□ a polislieJ nickel-plated copper beaker 
pour some tepid water. Stir gentlj with 
a theii[iomet«r, reducing the temperstare 
li_v Ibu iiitroductiou from time to 
small pieces of ioe. In time a mist will 
form oil the outside of the vessel. ] 
the temperature of the water on tbe 
appearance of this miat. 

The dew point is the temperature at which the aqueoo 
vapor of the atmosphere begins to condense. It may bs 
determined as outlined in the preceding experiment. In 
the formation of clouds, the precipitation of dew, and ii 
the "sweating" of pitchers of ice-water, we have evideni!* 
of the existence of water vapor in the atmosphere. The 
amount of moisture that the air can retain depends O" 
the temperature. The terms drt/neas and moi»tne»t, *P" 
plied to the air, are purely relative, and indicate «i* 
proportion of vapor actually present, in comparison WP 
what the air could contain at the existing temperatoi* 
At the dew point the air is saturated. Relative AwKw'i'*?' 
or wetness, is expressed by the niiniber of parts by 
of aqueous vapor contained by the air to every 10ft, 




lid contain. Saturation is represented by 100, and I 
ite dryness by 0. A humidity of 60 to 70 is 
3d for health. 



, Tlie Heat of Vaporization is the number of calories I 
•ed to change one griimme o£ a liquid at its boiling ] 
into vapor at the same temperature. Water has the ] 
jst heat of vaporization of all liquids. The following I 
)B of obtaining the heat of vaporization of water ] 
nake clear the principles that underlie the general J 
!m : — 

up apparatus like that shown in Fig. 199. The 1 

from the boiling water ia conveyed ijito a beater | 
ining a known quantity 
ter at a known tempera- 

The increase in the mass 
I water gives the amount 
ieam condensed. The 

" in the delivery-tube 
3S the water that con- 
s before it reaches the 
r. Suppose that the ex- 
ent gave the following 
Amount of water in 
eaker, 400 gm. at the be- 
ng, 414.1 gm. at the end ; 
irature at the beginning, 
, and at the end, 41° C; observed boiling point, i 
,; there were 14,1 gm. of steam condensed. Now 
e principle that the heat lost or given off by the 

equals that gained by the water, we have 

ma (41- 20) = 14.1 X I + 14.1 X (99 - 41); 
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■wheaoe /= 537.7 cal. The most carefully conducted ei- 
periments show that the heat of vaporizKtioa of viUr 
is 535.9. 

QuqbUohs and Problems. 
, How can pure water l>e obtained from sea water? 
How is it poBfiible to heat water above the ordinarj boflbS 

With a good air pump it can be shown that a fog Soau a 
aa» bell jar after a few vigorous Bti'okea of the pump. Eiplu"- 

4. Why does a current of air cause one to feel cold? 

5. Why is an iceberg frequently enveloped in fog? 
Why must the barometric pressure he considered in filii^'" 

idling point on a thermometer scale? 

, Why does warming a room make it drier? 

8. Why are morning mists- dissipated by the rising sun' 

9. Why is the ice pitcher covered with moisture? 

10. Water boils at 86° C. on the top of Mt. Blanc. Cslcolita i*" 
fright. 

11. Calculate the boiling point of water on the top of Pike'a Pe»'i 
leight 4312 m. 

12. What must be the elevation of a place in prder that the b«li« 
water maybe ltO°C.? 

13. What mass of water at 60° C. will melt 6 kgm. of iceatO°C.' 
f 1*. How much ice at 0° C. will 10 kgm. of water at 40'' C. melt' 

( 15. How much heat will it require to convert 50 gm. of ice »* 
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[In solving the problems, use 53 
^n of water.] 

16. What will be the temperati 
it ivater at 90° C. with 5 kgm. of i 

17. 4 kgm. of icB at 0° C. are i 
Jetermine the result. 

[Calculate how much of the ii 



calories as the heat of va 

e resulting from mixing BVff 
ice at 0° C. ? 
put in 6 kgm. of v^at*r at40'C' 

will melt.] 
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18. How much steam at 100° C. will raise 600 gm. of water from 
160C. to36°C.? . ^ ,, 

-^ 19. How much at«am at 100° C. will it take to melt 310 gm. of ice 
ftt 0° C. and raise the temperature of the water to IB" C. ? 

20. If 400gm. of water at 50° C. mixed with 180 gm.of ice at 0°C. 
yield 580 gm. of water at 10° C, what is the heat of fusion of ice ? 

21. 10 gm. of steam at 100° Care blowu into 100 gm. of a miiture 
ice and water at 0° C, The final teiaperature of the mixture 

ia 6° C. Find the quantity of ice. 

[Represent the quantity of ice hy x, then the heat lost by the steam 
eqnala that gained by the water and ice.] 

22. What is the heat of vaporization of water derived front the 
following data; 10 gm. of steam at 100° C. condensed in 610 gm. of 
water at 15° C. raised its temperature to 25° C. ? 

33. Calculate the heat of vaporizatiou of water from the following 

Water equivalent of calorimeter ... 8.6 gm. 
Mass of water in calorimeter .... 200 gin- 
Temperature of water before introducing steam 20" C. 
Temperature of water after introducing ateam . 40° C. 
Amount of eteam condensed . . . . T gm. 

Temperature of steam lOO^C. 

24. 50 gm. of steam at 100° C. are passed into a mixture of 100 gl^ 
«* ice and 18.^ gm. of water at 0° C. Find the rise of temperatur 
produced. The water equivalent of the vessel containing the mixture 

TI. TRANSMISSION OF HEAT. 

343. Three Uodea of Tiansmitting Heat. — Experiment. — 
^Tace one end of a metal rod in a liunsen flame and tlie other in 
•"Wiling ice. It will be fouiiil that heat passes iJong the rod and melts 
ice. Hold the hand high above the flame ; it will he warmed by 
* riiring onrrent of hot air. Hold the hand by the side of the flame ; 
%&iii a sensation of heat will be perceived. 

This simple experiment illustrates the three ways in 
■fliieh heat may be transmitted fcOT^ra^ran^^^othg. 
TTiey are : — 
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||^^H 1. Conduction, in which heat ia conveyed by matter 
without aiij visible motion of the matter itself. It ia 
passed on from the hotter to the colder particles by some 
— V invisible molecular motion. 

Convection, iu which heat is transferred by the visible 
^motion of heated matter, as by a current of liut air or the 
tow of hot water through pipes. 

Radiation, in which beat is propagated like light, 
wave motion in the ether, without the aid of matter. 
Bt is by this method that radiant energy (heat and light) 
wchea us from the sun. 

I 344. Conduction.— Experiment. — Twist together two stout wires, 
n and copper, of the same disriieter, forniiDg a, fork with Jong pK»l- 




d prongs and a short stem. Support tbem on a wire stand (Fig.ZOO), 
md lieat ttie twisted ends. After EevBrnl minutes find tlie point on 
each wire, fartliest from the flame, where a sulphur raatch igiiit* 
when held against the wire. This pMH* 
nill be found farther along on ^ 
copper than 

the former has led the heat tartiiW 
from its 

Expenment. — Prepare a cylinder « 
uniform diameter, hali of which isiusoi 
of braasand half of wood. HoldapiM* 
of writing paper firmly around the junfr 
tion like a loop (Fig. 201'). By apply 
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Ben flame the paper ia contact with the wood i 
i, while the part in contact with the brass is scarcely injured, 
ital conducts the heat away and keeps tlie temperature of ths 
elow the point of ignition. 

se experiments show that soUds differ in their con- 
ity for heat. The metals are the beat conductors ; 
Leatlier, dannet, and organic substances in general are 
anductors ; so also are all bodies in a powdered state, 
doubtless to a lack of continuity in the material. *i 
. a common mistake to assume that the rate at which 
nperature rises is a measure of conductivity. For 
le, if equal bars of iron and lead are arranged so 
ne end of each is heated alike, pieces of phospho- 
the same distance from the heated ends will be 
to take fire first on the lead, although iron is the 
conductor. This ia due to the fact that iron has 
four times the specific heat 
d, and hence requires four 
as much heat to produce the bj b 
hange of temperature. The 
berefore acquires the neces- 
mperature to ignite the phos- 
I long before the iron. 

Condaotivity of liquids. — Ex- 

t. — Pass the tube of a simple air 
ueter through a cork fitted to the 

a large funnel. Support the ap- 

aa shown in Fig. 202. Fill the 
with water, covering the bnlb to 
th of about one centimetre. Pour 
tul of ether on the water and set it 

The ateadineaa of the index shows 
l« it any of the heut due to the burning ether ii 
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It appears from this eirperiineiit that water is a poffl 
inductor of heat. This is equally true of all liquids 
ipt molten metals. 

346. Coadiictivity of Oaaei. — The conductivity of gases 
is very small, and its determination is very difficult be- 
cause of radiation and convection. The conductivity of 
hydrogen is about 7.1 times that of air, while the 
ductivity of water is 25 times as great. 

347. Application!. — Some articles in a room feel cold 
to the touch while others feel warm. An explanation will 
be found in the fact that those which feel cold are good 
conductors of heat, and those which feel warm are bad 
conductors. The former conduct away the heat from tlie 
hand faster than the body supplies it, causing the aenM- 
tion oi cold ; the latter do not carry off the heat, and con- 
sequently they do not feel cold, 

The handles on metal instruments that are to be heated 
are usually made of some poor conductor, as wood, 
etc.; or else they are insulated by the insertion of 
non-conductor, as in the ease of the handles to silver te»- 
pots, where pieces of ivory are inserted to keep them from' 
becoming too hot. 

The non-conducting character of air is utilized in hoii«M 
with hollow walls, in double doors and double window* 
and in clothing of loose texture. The warmth of wootlM 
articles and of fur is due mainly to the fact that JSOii 
air is enclosed within them on account of their loo* 
structure. 

348. Convection. — Eiperiment. — Remove the bottom bom 
wide-mouthed bottle. Fit a double-imrfonit^id stopjier to the moM 
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and pass through it two glass tubea; one of these CD sbouJcl be 

trtraight, and the other EF should have some such form, as shown 

in Fig. 203. The other ends of these tuhes pass 

throagh a stopper fitted to the Florence flask, B. 

,'The tube CD should extend from the top of the flask 

Nearly to the top of the open vessel ; and the tube 

lEF should reach from the bottom of the flask to 

!the bottom of the open vessel. Support the apparatus 

(OQ a heavy ring stand. Fill the flask with water 

'colored with red aniline, and the open vessel with 

Water colored with blue aniliae. Blow through the 

'Blraight tuhe till all air-hnhbles are removed. Now 

ktlace a Bunsen bumer-heneath the flask. In a short 

jtime the red liquid will be seen gathering on the 

Itop of vessel A, and the blue liquid at the bottom of 

Tessel B. 

The water in S, on being heated, is ex- 
panded and rendered less dense. Hence, it is forced to 
rise by the downward pressure of the colder water in A, 
This circulation down £F anil up J>f will continue so 
long as .^ is colder than £. 

Experiment. ^ Fill a large glass beaker about three-fourths full of 
to\A water, and pour on it carefully enough warm water, colored 
Tmfh an aniline dje, to form a layer about 2 cm. in thieknesa. Fill a 
Jaige test-tube full of a freezing mix-ture of salt and ice, and hold it 
Sn the colored water. Streams of the colored water will soon begin 
ito descend through the uncolored part. The freezing mixture reduces 
jniB temperature of the colored water below that of the uncolored, 
RSfliking it heavier. 

These experiments show that by raising the temperature 
\oi the lower part of a liquid in a vessel, or by lowering 
'the temperature of the upper part, currents can be set up 
'■■within it. The same is true of gases, as may be seen in the 
j rising currents of air above a hot stove. The currents set 
fluids through differences of temperature are called 
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vnveoiion current*. The heating of buildings by lut 
water circuUting through pipes, or by hot-air furnace^ 
is a familiar application of convection currents. Land 
and sea breezes, the trade winds, and, in i&ct, winds in 
general, are convection currents on a gigantic scale. 

349. Ventilation.— Bsperlmeiit.— Support in a ahaltow dish » 
mile, aud place over it a. lamp chimney. Pour enuu^ 
water into the dish to close the lower 
end of the chimney. The flame ia 
aoun extinguished. Why? Relight 
the candle, and insert a cardboud 
partition in the chinmey, aa in Fig. 
204^. The candle will now bora, aod 
if a piece of lighted touch-paps'' i< 
held oyer the top of the cbimnej, it 
will show that there ia a cunent <^ 
air down one side and up the other. 

The office of a lamp chinmejis 

to increase the supply of oxygen 
to the flame. The air within it 
is heated by the flame and rises, 
and cold air flows in througli 
1 bottom to restore the equilibrium, becomes heated in 
wing over the flame, and thus keeps up the high tem- 
perature of the chimney. This principle underlies the 
ordinary methods of ventilating rooms. A flue cames 
off the impure air, and fresh air flows in to take its pUo^' 
after passing over heated pipes or through a heat^ 
furnace. 

That the existence of flues opening into a room doefl 

'Made by soaking porous paper in a strong solution of sallpeiKi*™ 
1 ftrinS- I^ bumB without flame and fives off smoke. 
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S ventilation, unless means are adopted to make 
he upward movement of the air in such flues, is 
id in the following experiment : — 

lent — Fit to a wide-mouthed bottle of about 2 1. capacity 
rough which pass two glasa tubes, each at least 2 em- 
ir, and 20 cm. in length, the correspond- 
ol the tubes being at the same level 
. A wire also passes through the cork, 
. caudle at the lower end. The wire is 
it the caudle can be brought directdy under 
e, or can be turned away from both of 
rst, set the candle in the last position, 
nd insert the cork with ita tubes in the 
ha flame will soon go out, no air entering 
ther tube, although both are open. Second, 
the foul gaa, relight the candle, turn the 
16 flame is directly under one of the tubes, 
the cork in the bottle. The candle will 
o burn brightly. If lighted touch-paper 
to the -top of the tubes in succession, it '"'^ "^"^ 

und that there is a downward current in one, and an up- 
;nt in the otter. 

ladiation. — The heat perceived when one stands 
;initj of a hot stove is not received by conduction, 
conveyed by the air. The heatr energy of a hot 
instantly passing into space as I'adiant energy in 
iniferoua ethei'. Radiant energy becomes heat 
ly when it is absorbed by bodies upon which it 
Inergy transmitted in this way is, for convenience, 
to as radiant heat, although it is transmitted aa 
inerg}', and is transformed iuto heat by absorption, 
heat and light ara physically identical, but ars 
i through different avenues of sensation. Kadi- 
lat produce sight when received through the "eye 
Mtion of warmth through the nerves of touch, 
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or heat a thermometer when incident upon it. The long 
ether waves do not affect the eye, but thej beat a bod] 
which absorbs them. 

351. L&wa of Heat Radiation. — The following l&wa hsn 
been estahlislwd experimentally: — 

I. Radiation proceeds in straiffht lines. This lav ia 
illustrated in the use of fire sci-eeus and sim shades. 

IL The amount of radiant energy received hy a. boif 
from any small area varies inversely as the square of Ot 
distance from this area as a source. 

III. Radiant energy is reflected from a polished surfaet 
go that the angles of incidence and reflection are equal- 
Areliimedea is said to have set fire to the Roman ships 
during the siege of Syracuse in 212 B.C., by concentrating 
on them the heat of the sun by the aid of a, large concavB 
reflector. 

IV. The capacity of a surface to reflect radiant emrgf 
depends both on the polish of the surface and the nature ^ 
the material. Polished brass is the best reflector, ani- 
ls mpblack is the poorest. 

V. The rate at which the temperature of a cooling lodji 
falls by radiation is proportional to the excess of its (empff- 
ature over that of the surrounding medium. This is knowi» 
as Newton's Law of Cooling, and holds approximately for 
small differences of temperature but fails when the exoe* 
is large. According to this law a body at a temperatof 
of 30° C. cools twice aa fast as one of 25° C, in air at 20° C. 
for the excess 10°, in the first case is twice 5°, the excess 
in the second, 

358. Absorption of Heat. — Kxperiment. — In slots cut Uo"' 
apart in aftarrow board, support two pieoea of bright tin plate, w'' 
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1. square. Coat the inner face of one of these squares of tin 
with lampblack. Stick balls of equal size, one at the centre of each 
outside face, with shoemaker's wax, using as little as possible. Hold 
a heated plate of iron midway between the two tin squares. The ball 
'will Boon fall from the blackened plate, showing that lampblack is a 
ready absorber of licat. 

By using plates coated with differeut substances, it will 
^oiind that these suhstances differ in their capacity of 
»rbing heat. Leahe discovered that the best absorbers, 

mpblaek, ashes, and rough surfaces, are bad reflectors ; 

e good reflectors, as polished metals, are bad absorbers. 



. The Bodiometer. — This instrument was invented 
Bir William Crookes in 1873 while investigating the 
^rties- of highly attenuated 
It consists of a glass bulb 
I which the air has been ex- 
ted till the pressure does not 
d 7 mm. of mercury (Fig. 206). 
1 the bulb is a light cross of 
Jium wire carrying small dia- 
id-ahaped vanes of mica, one 
■of each being coated with lamp- 
k; the whole is mounted to re- 
1 on a vertical pivot. When 
istrument is placed in the sun- 
It or in the radiation from any 
i body, the cross revolves with 
Lckened faces of the vanes mov- 
jLway from the source of heat. 'b-ioo. 

e explanation of this interesting phenomenon is to be 
3 in the kinetic theory that the mean free path of the 
lies between collisions with other molecules becomeg. 
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I this low pressure, at least equal to the distance betweea 
es and the wall of the bulb. The infrequent colli- 
Sions among the molecules in such a vacuum prevents tha 
'equalization of pressure throughout the tube. Now tlm 
blackened sides of the vanes absorb more heat than 
the bright ones, and the gaa molecules rebound from tha 
warmer surfaces with a greater velocity than from tiie 
others, thus giving tlie vanes an imptilse iu the opposite 
direction. This impulse is the equivalent of a pressure, 
and the residual gas 'has lost the power of rapid adjustmenC 
of pressure throughout its mass. When the 
not BO good, no difference of pressure on the two sidea of 
the vanes can exist, and there is no motion of the 



354. Selective Absorption. ^ — ^ Ezperimeiit. — Fill a large Sat 
bottle with cltar wat^r. and plfice it between a lamp and the radiom- 
eter. The rate of rotation of the vanes will be much ledifflA 
Repeat the experiment, using & Bimilar bottle filled with a solution of 
iodine in carbon disulphide. There will be no perceptible effect ffl 



These experiments show that water cuts off the greattt 
part of the radiant heat, while the solution of iodine dos 
not perceptibly affect the intensity. Substances which 
transmit radiant heat are called diathermanous, aud tliOf^ 
which Jo not, atkermanous. Rock salt is the most higUj 
d La therm an () us subHtanee known. On the other lumil) 
alum, sugar, glass, water, and ice are extremely iltllfl^ 
maiious. Tlie diathermanous character of a subatftHC* 
varies with the temperature of the radiant. Such snb- 
stances as alum, water, etc., transmit little or none of llw 
radiation from a surface of low temperature. Tlie radian* 
energy from the sun passes readily through the atmos- 
phere to the earth, warming its surface; but the radi* 
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tions from the earth are stopped by the enveloping 
atmosphere. So also the radiant heat from the sun 
passes readily through the glass of the greenhouse, but 
that from within is unable to pass outward. 

QUBBtlOILS. 

1. When snow and ice melt why do they not liquefy all at once? 
2 Why does a metal liquefy so r&pidly when it begins to melt ? 
3. Why does BHOW protect from oold? 
I 4. Why will a current of air extinguish a candle ? 
' 5. Why will ice pocied in sawdust or straw keep from melting? 
i 6. Why do men working about smellJiig-fumaces wear flannel 
(slothing? 

j 7. Why is paper so effective in protecting plants from frost? 
I a. WhyisitdifEcuIttoboilwaterina"furred"kettle? 
> 9. Why is tbe direct radiation of the sun ou the top of a mountain 
^ore intense than at the base? 
i 10. Why is there little or no dew on a windy night? 

11. Should the surfaces of stovea and heat radiators be rough or 
^lislied? 

[ 12. If a pond is freezing over, what is tlie temperatui'e of the 
^at«r at the bottom ? 

13. Why does increasing the height of a chimney increase the 
draught ? 



I 



Vn. HEAT AND WORK. 



355. Heat and Mechanical Action. — Experiment. — Strike the 
edge of a piece of flint a glancing blow with a piece of hardened steel. 
Bparks will fly at each blow. 

Experiment. — Pound a bar of lead -rigorously witli a hammer, Tha 
teniperatui-e of the bar will rise. 

Experiment. — Place a small piece of tinder, such as is employed in 
agar lighters, in the cavity at the end of the piston of a fire syringe ■ 
Fig- 207). Force the piston quickly into the barrel. If the piston is 
\j withdrawn the tinder will probably be ou Are. 
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These experiments illustrate the transformation (A 
mechanical energy into heat. Some of the energy of the 
descendtag tlint, the hammer, and the piston have in 
each case been transferred to the molecules of the 
bodies themselves, increasing their kinetic energyj 
that is, raising their temperature. Savages kindle 
firo by rapidly twirling a dry stick, one end of 
which rests In a notch cut in a second dry piece. 
The axles of carriages and the beariiigs in machinery 
are heated to a high temperature when not properly 
lubricated. The heating of drills and bits in boring, 
the heating of saws in cutting timber, the burning 
of tlie hands by a rope slipping rapidly throagh 
them, the stream of sparks flying from an emeiy 
wheel, are instances of the same kind of transforma- 
tion; the work done against friction produces 
Fi, B07. kinetic energy in the form of heat. 

356. ITamerical Selstioii between Heat and Work.^In 
1840 Joule of Manchester began a aeries of experimeD'* 
to determine the numerical relation between the unit » 
heat and the foot-pound. Joule's experiments by a niim* 
ber of methods extended over a period of nearly forty 
years. His moat successful method consisted in detennil' 
ing the heat produced when a known amount of work wu 
expended in heating water by stirring it with padiilM 
driven by weights falling through a known height. He 
concluded that 772 foot-pounds of work, when conveiW 
into heat, will raise the temperature of one pound of water 
1" F. The equivalent for 1° C. is 1390 foot-pounds. 

The investigations of Rowland in 1879, and of Griffili* 
in 1893 have shown that 778 foot-pounds for 1° F.. or 421 
kilogramme-metrea for 1° C, are the nearest whole nun* 



er values; that is, 778 foot-pounds of work when con- 
erted into heat will raise the temperature of one pouni 
E water 1° F., or 427 kilogramme-metres of work whi 
onvertetl into heat will raise the temperature of o] 
ilogxamme of water 1° C This numerical relation 
ween, heat and work is known as tiie mechanical equivt 
mt of heat. Its value expressed in absolute units 
.19 X 10^ ergs. This is the energy value of one calorie. 

The following problem illustrates one of the uses whii 
aay be made of this relation : A mass of iron weighinj 
(0 kgm. (specifio heat 0.112) falls through a height 
1^0 m. Find the heat generated when it strikes 
^ound. 

The work done by gravity is 10 x 100 = 1000 kgm.-m. 
O00-4-427 = 2.342 kgm. -degrees of heat, that is, the h( 
tiat would raise 2.842 kgm. of water through 1° C. Thei 
.342-1-0.112 = 20.9, the number of kgm. of iron thi 
.342 kgm. -degrees of heat will raise through 1° C. 20. 
- 10 = 2.09 degrees. If all the heat were confined to thi 

r, its temperature would rise 2.''09 C. 

• 357. Tlie Steam Engine, in its most essential features, 
te invention of James Watt. It is a device for tran»-] 
torming the energy stored in steam into that of mechanii 
Piotion. In the more common of its many modern fori 
» consists of a strong cylinder in which a piston is mat 
Jo move to and fro by applying the pressure of steam 
its two faces alternately. 
I Figure 208 shows a longitudinal section of a simpll 
Mgine divested of many of the more complicated accef 
wties designed to improve its eiSeiency. The piston M 
^ves to and fro in the cylinder D by virtue of the pres- 
f the steam supplied by the boUer through the tube 
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F. In the steam chest E works the alide valve R, whiok 
admits the steam alternately to the ends of the cylinder 
through iVand 0. When tte 
valve is situated as shown, 
the steam passes into thfi 
upper end of the cylinder an^ 
drives the piston down, 
the same time the other eal 
is connected with an exhaaat 
pipe, shown at P^ through 
which the steam either escapes 
into the air, as in kighfremift 
or non-condeneinff engines, or 
into a large chamber, i 
low pressure or Bondeiuing 
eitgiiug. where it is condensed, 
to water, reducing the pres- 
sure on that face of the piston. 
The slide valve is moved by 
tlie rod S, connected to an 
p.. jjjg eccentric O, a wheel pivoted- 

a little to one side of its 
c-entre, on the horizontal shaft K. This shaft receives it* 
motion from the piston by means of the jointed rod A and 
the crank T. The flywheel L serves the double ofGoe of 
belt pulley and reservoir of energy. It is made with * 
heavy rim in order that when the piston is at the end ol 
the cylinder, and the direction of motion must changer 
the energy stored in it may be sufficient to carry the b1 
beyond these dead points to a position where the pistol 
can again turn the shaft. It also serves to give 
formity of motion to the shaft, which would otherwii 
vary because the effective part of the force exerted on th 




crauk is not constant, being greatest when the crank is 
at right angles to the connecting rod, and diminishing to 
nothing when parallel to it, 

In order that the piston rod may always move in a 
straight line, and the piston maintain a steam-tight fit in 
the cylinder, the former is attached to a transverse bar, or 
cross head A, which slides on two guide-bars B B, firmly 
bolted to the framework of the engine, and adjusted accu- 
rately parallel to each other and to the piston rod. In 
many large engines the cylinder is given a horizontal 
position. 

357 a. The Gas Engine. — The gas engine is a type of 
internal combustion engine, which includes motors using 
gas, gasoline, kerosene, or alco- 
hol as fuel. The fuel is intro- 
duced into' the cylinder of the 
.engine either as a gas or a 
Tapor, mixed with the proper 
q^iiantity of air to produce a 
good explosive mixture, and 
■this mixture is exploded at the 
Tight instant by means of an 
•^ectric spark. The force of 
"the explosion drives the piston 
■iorward in the cylinder. 

In the "four-cycle" type of 
engine an explosive 
B admitted and ignited 
ivery other revolution of 
while in the "two- 
an explosion occurs every revolution. 
motor c 
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Tho operation of a "four-cycle" engine may be under- 
Btood from a description of the four stejia in the series, ax 
illustrated by tlie simple engine shown in Fig. 2 
This ligure is a section of an aii^ooied engine (aa indi- 
cated by the ribs for cooling). The upper valve, cloeing 
the pipe /. is the inlet valve ; the lower one, closing the 
pipe E, is the exhaust valve for the disposal of the spent 
gases. Tlie piston P, which works up and down in the 
cylinder, is surrounded with packing rings (four in the 
figui-e), and the connecting rod R leads from the piston 
to the or.ink-shiift 2>, The piston is shown in its highrat 
position with both valves closed. 

if the engine is running, the motion of the flywheel/ 
carries tlie piston down, the partial vacuum produced 
behind it opens the inlet valve in I^ and the explosive 
mixture fills the cylinder. The motion euntiuuing, the 
piston rises and compresses the explosive mixture, the 
exhaust viilve still being closed, and when the piston 
again at its highest point, a spark from the spark ping 
screwed into the opening at 8 ignites the mixture. The 
force of the explosion driven the piston down. When it 
rises again, the exhaust valve is opened mechanicallj bj 
means of the cam O and the vertical rod H\ the spent 
gases, still very hot, escape through the exhaust pipe S- 
The piston has now traversed the cylinder four times, 
twice in each direction, and the series of operations begin* 
again. 

lloth valves are kept normally closed by the springs 
shown surrounding the valve stems. The small shaft to 
which the cam O is fixed is actuated by spur wheels (not 
shown) from the shaft of the engine, and it rotates onlj 
half as often as the main shaft. Hence the exhaust Yslve 
opens only every other revolution of the engine. 
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In most modern engined the inlet valve is also operated 
mechanically from a cam shaft like the one shown at 
C and in the same manner as the exhaust valve. The 
two valvea are then usually on opposite sides of the 
cylinder. 

If the cylinder is water-cooled, it is surrounded by a. 
jacket through whioh water is kept circulating, usually by 
means of a pump. The water goes from the hot jacket to 
the radiator and thence back to the cylinder jacket. 

The inlet pipe /in a gasoline motor leads from the car- 
buretor, into which the gasoline comes as a spray, is va- 
porized and mixed with air, 

Problama, 

1. A mass of 100 gm. moviug with a Telocity of 50 m. per second 
Is suddenly stopped. If all its energy were converted into lieat, how 
much would it be 1 

[Kinetic energy = } mv\ & calorie = 4.19 x 10' etgB.] 

2. If 10 kgm. of water fall a distance of 1000 m. and all the energy 
goes to heating the water, to what temperature will the water to 
TWaed? 

[Calculate the energy in kilogram me -degrees (§ 356), Then 10 
^m. will be warmed one-tenth as many degrees aa 1 kgm.] 

3. An iron bidlet (apecifio heat 0.112) weighing 50 gm. strikes 
a target with a velocity of 400 m. per second. Asanming 20 per 
cent of the kinetic energy of the bullet to remain in the bnUet as heat, 
Bud how much its temperature will be raised. 

[Aa in problem 1, calculate the energy in calories. Find how many 
oJories will raise 50 gm. of irnti 1° C. (§ 326).] 

4. A hammer weighing 10 kgm. falla from a height of 10 m. and 
etrikes an anvil. If half of the energy ia used in heating the hammer, 
low many degrees will its temperature be raised, the specific heat of 
tbe material of the hammer being 0.1? 

5. How much heat is produced in stopping a train of 100,000 
kgm. mass, running at 3fi km. an hour? 



CHAPTER Vn. 

MAGHETISM ASD ELE0TRI0IT7. 
1. MAGNETS AND MAGNETIC ACTIOS. 

3S8. The Natural Ua^et or lodestone. — Certain ores, 
coiisistiug of iron iinJ oxygen, soiuetiines possesB the 
property of attracting and holding small particles of iron. 
Tliis property was known to the ancienta and was esliib- 
ited in a marked degree by iron ores from Magnesia u. 
Asia Minor; they were therefore called magTietie tUtntt 
Tlioy are now VT\o\vns.s natural magneU, and the properties 
evMbited by them are called magnetio properties. 

Experiment. — Sprinkle iron fllinga over & piece of natural magnet 
The filings will adhere to it in tufts, not uniformly over th6 aurfsc^ 
but chiefly at the ends and on projecting edges. 

Bxpeiiment. — Make a stirrup out of 
place in it the piece of natural magnet, sod tff' 
jiend it "by so untwisted thread (Fig. 20^' 
Carefully exclude all air-currenta and alloffth) 
magnet to come to rest. Note iti) position, titen 
disturb it slightly, and ^aiu let it come to nA 
It will be found that it inTa,riably returns to ^ 
e positaon, the line connecting the two eW 
riB. .u.. ^ which the filings chiefly adhered in the pW 

ceding experiment lying north and south. 

This property of the natural magnet was early turned 
to account in navigation, and secured for it the name of 
lodeetone (leading-stone). 
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359. Artificial Magnets. — Ezperiment. — Stroke a ki^e darn- 
ing-needle from end to eud, and al"wayii in the same direction, with 
one end o£ the lodestone. Roll it in iron filings and they wiU cling 
to its ends as the; did to the lodeatone. The needle haa become 
a magnet. 

Experiment. — Use the needle of the last experiment to stroke 
another needle. This second needle also acquires magnetic properties, 
the first one has suffered no loas. 
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:8 of h-a,rd steel, that hav« 
made magnetic by the 
application of a lodeatone or of 
some other magnetizing force. 
are called artificial magnets. 
The form of artificial magnets, 
or simply magnets, moat com- 
monly met with are the bar and the horseshoe (Fig. 210), 
so called from their shape. 

360. Polarity. — Experiment. — Roll a bar magnet in iron filings. 
It will become thickly covered with 
the fllingB near its ends. Few, ii 
any, will adhere at the middle 
(Fig. 211). 

^'■' ° '■ The experiment shows that the 

greater part of the magnetic attrac- 

tdon is conci^ntrated at the ends of the mf^net. Theae are called its 

JJOIm, and the magnet is said to have polarity. The line pining the 

pules of a long slender 

telnet b its nutgnelic 




: Note its position after it 
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comes to rest (Fig. 212). Change its poratioa several tdines. It will 
b« found that there is no uniformity in the directiun it takes wliea 
at rest. Now struke the spring from end to end with one pole of 
a magnet and repeat the tests. The floatuig spring will uqh 
alwiiys corae to rest in a nortb-and-south line and with the 
end to the north. 

The end pointing toward the north is called the norOtr 

aeeking pole, and tlie other the goutfi-seekinff pole of 
magnet. They are commonly called simply the north polf 
and the south pole. 

362. Conseqiient Poles. — Siperiment — Draw the temper ol tt 
knitting-needle slightly at two or tiiree points, and then stroke it from 
end to end with one pole of a strong magnet. Dip it in iron SlingB- 
They will adhere in tufts at the points wliere the temper was drn'*i' 
aa well as at the ends, showing that there are several poles. 

Magnetic poles intermediate between those at the ends 
are called consequent poles. 

363. A Magnetic Snfastanoe is one which is attracted by * 
magnet, or whicli can be magnetized. Faraday 8how« 
that most substances are influenced by tnaguetisra. Oiw- 
nary magnets, however, produce a noticeable effect on but 
few substances beaidea iron and its compounds. Cobsl' 
and nickel stand nest to iron in respect to magnetiaiO'' 
Some substances, like antimony and bismuth, are sligbfiy 
repelled by powerful magnets. They are said to be 
diamagnetic. 

364. Hajf&etic Tranaparency. — Eiq>eriment. — Cover the poj" 
of a strong bar magnet with a thin plate o£ glass. Bring the fw» 
the plat« opposite the pole in contact with a pile of iron tack*- 
number will be found to adhere, showing that the attradaon tw 
place through glass. In like manner, try thin platea of mica, w« 
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paper, aino, copper, and iron. No perceptible difEerence will be seen 
axcept in the case of the iroo, where the number of tacks lifted will 
be much less. 

Magnetic force acta freely through all substances except 
fchose classed as magnetic. Soft iron serves as a more or 
^s perfect screen to magnetism. Watches may be pro- 
tected, from magnetic force that is not too strong by means 
of an inside case of soft sheet iron. 



I 365. Ha^etic Needle. — A slender magnetized bar, sus- 
fpended by an untwisted fibre or pivoted on a point, like a 
needle, is a magnetic needle. The direction in 

which it comes to rest without tor.iion or friction is the 

vtagnetie meridian. 

Experiment. — Magnetize a piece of watch spring about 2 cm. long. 
Fasten a fibre of unapun silk to the bib of mi^netized steel so that it 
Will hang horizontally. Suspend it inaide a, wide-mouthed bottle by 
attaching the fibre to & cork fitting the mouth of the bottle. The 
ittle magnetic needle will then be protected from currents of air. It 
[tuy be made visible at a distance by sticking fast to it a piece of 
lihin white paper. 

366. SEntnal Action between Hagnets.— Experiment.— Mag- 
Uxe a piece of large knitting-needle, about four inches long, by 
Itooking it from the middle to one end with the north pole of a bar 
Ina^et, and then from the middle to the other end with the south 
fole. Repeat the operation several times. Suspend the needle in a 
raiall stirrup like that of Fig. 209 and mark the north pole with red 
psint, 

Present the north pole of the magnetized knitting-needle to the 
north pole of the needle suspended in the bottle. The latter will be 
repelled. Present the same pole to the south pole of the little mag- 
Drtio needle ; it will be attracted. Repeat with the south pole of the 
■needle and note the deflectioaa. 
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ilts may be expressed by the following law of 
magnetic attraction and repulsion: — 

lake poleg repel and unlike poles attraet each other. 

The suspended magnet affords a ready means of ascer- 
taining which pole of another magnet is the north pole* 
for the north pole of one will repel the north pole of 
other. Repulsion is always a more reliable indication of 
polarity than attraction. The reason will be obvious from 
the experiments which follow. 

367. Induced Hagnetisn.— Experiment. — Hold one end of i 

short rod of soft iron near one pole of a, strong bar magnet, and while 
in this position dip the other end into iron filings. They adhere to 
it as to a magnet, but fall off when, the magnet is removed. 

Magnetism produced in magnetic substances by the 
influence of a magnet is said to be induced. 



368. Polarity of the Iron Bar. — Kiperiment — Supprt ' 
atrong horseslioe magnet in a vertical plane, with its 
poles uppermost, and the line joining them horizontal 
(Fig. 2ia). Suspend by a thread a short rod of soft iron 
so that it hangs horizontally above and near the poles 
of the magnet. Now bring near one end of this rod a 
bar magnet, so that its pole is opposite in name to that 
of the vertical magnet. The repul- 
sion of the rod indicates that its 
polarity is the same aa that of the 
bar magnet, and henee the Teverse 
of that of the horseshoe magnet. 

It appears, therefore, that when a magnet it^ 
brought near a piece of iron it magnetizes it by 
induction, and that the attraction is between 
unlike poles. The inductive action can take 
place through a aeries of iron rods, as exem- 
plified by the attraction of a bunch of fihngs or tacts- 
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S9. Permanent and Temporary Magnetism. — In the last 

experiments the soft iron eeaaes to be a magnet when. 
oved to a distance from the bar or horseshoe magnet." 1 
en a piece of hardened steei is brought near a magnettj 
jquires magnetism as the piece of soft iron does underl 

same conditions; but the steel retains its magnetisial 
m the magnetizing force is withdrawn, while the softj 
, does not. In addition, therefore, to the permanenim 
Pietism exliibited by the magnetized steel, we have iem-r 
irp magnetism induced in a bar of soft iron when i 
Tought near a magnet or in contact with it. 



n. NATURE OF MAGNETISM. 

70. magnetism a Uolecular Phenomenon. — Expeiimeiit. — I 
netize a piete of watct spring, then Iieat it red hot and test it tor J 
netism. It will be found to have lost the power of attracting 

iperunent.— Magnetize a knitting-needle and find by averaging 

ral trials how many tacka can bt lifted by it. 

ly gainst the edge of the table or in a vise and, by plucking thai 
end, cause the needle to vibrate vigorously for a few BecondkJ 
power ot the magnet to pick up tacka will be found to be apprei 

' lessened by the vibration. 

Izperiment. — Take a piece of iron w 

nm. diameter, and carefully anneal it. 

'ig. 214. Stroke it carefully several ___^ 

Wwith a strong magnet. It will be (^^^^^"^^^^^^^^ 

eak m^net. (How shown?) Now ° ^ 

IHby the tumed-up ends and give 

illire a midden twist. If the wire is again tested for magnetlsi 

libe found to have loet nearly all. 

a each of the preceding experiments the molecular! 
mgement has been disturbed ; and it is interesting toj 
* that in each the magnetism has been weakened.^ 
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^rhe conclusion ia tliat laagnetism is connected in t 
ny with the molecular arrangement of the iron or s 

371. Farther Evidence — ExperinuDt — Ma^elize « pia 

nightoned watch epriDg; notice that it has two poles, one at 
I, the centre being neiitraL Break it at the aeutrsl point; eMb 
1 will be found to have two poles, two new ones havii^ been 
1 at the point that was formerly neutraL If theea piewi is 
1 be broken, their parta will be tnftgnets with two pole* like tW 
ginal. 

There is no apparent limit to the extent to which tbii 
icess may be carried, indicating that possibly if carried 

far as the molecules, they too would prove to be magnets. 

Bxperinient. — Pill a slender gloss tube nearly full of steel filiugii 
oloaing the ends with cork. Stroke the tube from end to end withooe 
pole of & strong magnet j the fllinga acquire magnetic propettie& 
Shake up the filings thoroughly ; all polarity ia loet 

A minute examination of each steel particle will aho* 
that it is a magnet. The loss of polarity is evidently due 
to the neutralization of the actions of many little magnflls 
by disturbing their arrangement. Undoubtedly the polsr- 
ity would be restored if the particles could be restored M 
their original positions. The experiment strongly supporU 
the theory that each molecule of a magnetic substance is * 
magnet. 

It is worthy of notice that magnetization is facilitttt* 
by jarring the substance, or by heating it and then coolJD? 
liile under the magnetizing influence. 

372. SeteutiTlty. — Expenment. — Prepare three bare of S* 

e each of soft iron, soft steel, and hard steel. Dip*"^ 
end of each in auccesaion into iron filings, and bring a strong raW" 

contact with the other end. When the burs are withdrawn V^ 
the magnet ia removed, most of the filings drop from the iron, "* 

'd steel retaining the largest number. 
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The difference exhibited bj these substances is dnfl 
9 what 13 called retentivity, or the ability to ^eta^fl 
Lagnetism. ■ 

373. Theory of Kagnetiam. — Experimeuts like the pres 
»ding ones lead to the conclusion that magnetism is ifl 
lolecular phenomenon. The most probable theory is tha^JI 
le individual molecules of a magnetic substance are 
ways magnetized. In aii unmagnetized bar the poles of 
tese molecular magnets are tui'ned in all directions, oz — 
ee the little magnets form stable combinations or close 
lains, so that no magnetism external to the bar is esa 
ibited. When they are turned hy an external raagnetia 
ig force, so that a certain portion of the molecules hav( 
leir poles pointing in the same direction, then the bar ii 
lagnetized. The larger the proportion of the moIecule| 
'hich have their molecular axes turned in the same Ain 
,on, the stronger the magnet. 

The molecules of soft iron are readily turned by a maj 
etizing force ; but when this force is withdrawn, theg 
bvert to the unmagnetized state. Hardened steel, i 
he other hand, requires a greater magnetizing force \ 
hift the magnetic axes of the molecules, but once shifte 
hey remain in the new position, and thebar ispermauentljl 
Dagnetized. 

ni. THE MAGNETIC FIELD. 

' 371 Linea of Uagnetic Force. — EzperimeRt. — Place a 

J" piper or glaaij over a small bar magnet and sift iron fiJinga e ^ 

*Wr it from a muslin hag, tapping the paper or glaaa gently to ai4 
"We filings in arranging themselves under the influence of the magnet 

Egether in curved lines, which diverge from o — — '" 
I meet again at the opposite pole. 
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Tliese liDGS are called lines of magnetic force or of « 
netic induction. Each particle of iron becomes a, mt^net I 
by induction ; hence the lines mapped out by the filingB 
are the lines along which m^netic induction takes place. 
P'igure 215 
was made from 
a photograph j 
which was I 
taken by sift^ I 
ing iron fi] 
on the senBi' | 
tized side of a 
photographic 
plate with a 
piece of magnetized watch spring under it. The plate 
was then exposed for about a second to the light of an in- 
candescent lamp, and was developed in the usual waj' 
These lines of force spring from the north pole, curre 
round through the 
air to the south pole, 
and complete their 
circuit through the *»-^ 
magnet itself. 

Figure 216 was 
made from two mag- 
nets with their unlike 
poles turned toward 
each other. The 
lines of force from 

the north pole of one extend across to the south pole a 
the other. Lines of magnetic force are always to i 
considered as under tension and as possessing elasticitj 
Figure 216 is therefore a picture of attraction. 




/; 



^^^ 
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217 was made from two magnets with their like 
turned toward eacli other . None of the lines spring'- 
ing from one of them 
enter the other. This 
■ure is a picture of 
nu^netic repulsion. 




375. magnetic Field. 

-The region around 
a magnet, or a apace 
within which there 

lines of mag- rb ti? 

netic force, is called 

fr magnetic field of force. Faraday introduced the method 
of studying magnetic fields by means of the lines of force 
illustrated above. 

376. Direction of Lines of Force. — The direction of a line 
of force at any point i.s that of a line drawn tangent to the 
cnrve at the point ; the direction along it is the same as 
tliat in which a north pole is urged. The north pole of a 
mimetic neeiUe is repelled from the north pole of a bar 
magnet. Hence, if an observer stands with his back to 
flie north pole of a magnet, he is looking in the direction 
^ the lines of force coming from that pole, 

'' 877. Permeability. — Experiment shows that when iron 
ia placed in a magnetic field, the lines of force are con- 
centrated by it. This property possessed by iron, when 
placed in a magnetic field, of concentrating the lilies of 
loroe and increasing their number is known as permeabil- 
Kj' The superior permeability of soft iron explains the 
Mtion of magnetic screens (§ 364). In the case of the 
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watch shield, the lines of force pass through the iKa 
and not acroos it ; the watch is thus protected from mag- 
netism because the lines of force do not enter it. 

IV. TERRESTRIAL MAGNETISM. 

378. The Earth a Ha^^ei:. — Ezperiment — Place a long bar 

magnet on the table ami suspend over it a magnetic needle mounted 
so as to tuTD readily about a hoirieonUil axis. When over the north 
seeking pole, the needle will be vertical, with its eouth-seeking- poll 
down; when over the middle, it is horizontal; and when ove: 
■outh-seeking pole, the needle is again vertical, but with its i 
pole pointing downward. 

The earth acts in a similar maimer toward such a needle 
when moved over its surface from pole to pole. At a 
point in Boothia Felix, west of Baffin's Bay, the needle ii 
nearly vertical, with its north pole down ; at points a 
cesaively farther south, it dips less and less toward thft 
vertical, becoming horizontal near the earth's equator, and! 
again gradually inclining toward the vertical, with its 
south pole down as it uears the south magnetic pole of 
the earth. If a bar magnet, about half the length of the 
earth's diameter, were thrust through the earth's centre, 
making uu angle of about 20° with its axis, It wool^ 
account for many of the phenomena of terrestrial mag- 

379. Earth's Induction. — Experiment. — Frocure a thorcn^blf 
annealed iron bar about 7o cm. long, showing little or no poUn? 
when testwi with a magnetic needle while the bar is supported lior> 
zontallj in an east-antl-west line. Hold this bar in a. meridian plai*' 
but with its north end dipping down some 70° below the horiainl*^ 
Tap the end of the bar with a hammer and then teat for polarity. Tto 
lower end will be found strongly north-seeking, and the nj^ier Mul 
south-seeking. It the bar is turned end for end, and again toHW 
with a hammer, the lower end again becomes north-aeeking. 
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The experiment illustrates the inductive action of thea 
th. If we examine any iron object which has remained! 
iisturbed for some time, as a stove or a supporting! 
umu of a building, we shall find that it is polarized! 
3 the bar of tlie above experiment. The inductivtT 
ion of the earth probably accounts for the existence od 
;ural magnets. 

180. Magnetic Dip. — Experiment. — Tbniat through a cork ■ 

nagnetized knittiDg-needle, and at right aaglea to this two shoEt! 

lea (Fig. 218). Support the apparatus 

the edges of two wine glasses, witb 

ftxis in an eastand-west line, and the 

31e adjusted so as to rest horizontally. 

ir monetize the needle, being careful 

to displace the cork. It will no longer 

ime a horizontal position, the north f ^"^ 1 

1 dipping down as if it had become oa*^ | 



>J. 



The angle made by this needle with a horizontal plan©! 

called the inclination or dip of the needle. A magnetiaj 
needle mounted so as tol 
move freely in a vertical! 
plane, and provided with f 
a graduated arc for I 
measuring the inclina* I 
tiou, is called a dipping-m 
needle (Fig. 219). 

The magnetic poles 1 
of the earth are points J 
where the dip ia 90° ; I 
the dip at the magnetic 1 
equator is 0°. Lines on 1 
the earth's surface, pass- -I 
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ing through poitita of equal dip, are called taodinic linei; 
they are irregular in direction, though reaembliiig some- 
what parallels of latitude. 

381- Declination. —The magnetic poles do not coincide 
with t!ie geographic poles, and consequently in moat places 
the direction of the magnetic needle is not that of the 
meridian of the place. The direction of the magnetio 
needle at any place is that of the magnetic meridian ol 
the place. The declination of the needle is the angle 
between the magnetic and the geographical meridian. 

382. The Line of no Declination passes through those 
places whore the needle points true north. Such a line, in 
1900, ran from the north magnetic pole across the eastern 
end of Lake Superior, through Lansing, Mich., Columbus, 
Ohio, through West Virginia and South Carolina, and 
left the mainland at Charleston, on its way to the Bouth 
magnetic pole. The returning line through the eastern 
hemisphere is quite irregular in direction. At places east 
of this line the needle points west of north, and west of 
the line it points east of north. Lines passing througli 
points of equal declination are called isogonie Hnei. 

Y. ELECTRIFICATION. 

383. Eleotrioal Attraction. — Experiment — Cut a number o^ 
Bmall balls out of the pith of eonmioD elder. Plact tLem in apw 
on the table and touch them with a, rod of sealing-wax. Notice tl>" 
the rod does not affect the balls in the leaat. Now rub the rodw™ 
dry flannel and again bring it up to the pile of balls. They will b« 
alternately attracted and repelled. 

Rods of glass, shellac, sulphur, very dry wood, ebonite^ 
etc., may he substituted for the sealing-wax, and a coUeu* 
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any light c 
i20), for the pith- 

iea which exhibit 
wer of attracting 
lodies after being 
I are said to be 
led. Electrifica- 
iiay be brought 
in a variety of 
in addition to 
n, aa will appear 



of tiBBue paper for example 




I the course of tliis chapter. 



384. Attraction Hutaal. — Ezperi- 

ment. — Prepiare a glass tube aljout 2 cm. in 
diameter and 40 em. long. Remove all abarp 
corners by fusion in the flame of a blowpipe. 
Klsctrify the tube bj friotion with a piece 
of Bilk, and hold it near the end of a long 
wooden rod resting in a wire stirrup BUB- 
pended by a silk thread. The suspended 
rod is attracted. Now, replace the rod by 
the electrified tube (Fig. 221). When the 
the rubbed end of 



IB tube, the latter moves aa if 
d by the former. 

experiment teaches that 
)ody attracts the other; 
, that ike action is mutual. 

Electrical Repulsion Ex- 

t. - — Sosjiend several pith-balls 
linen threads from a glass rod, 
:h them with an electrified glass 
?ig. 222). At first they are 
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attracted, but they sood fly aw&y from the tube and from one anotlieL 
Wh«n tbv tube is removed to a distance, the baUs no longer hang 
dde by &ide, but keep apart for some little time. If we bring' that 
band near thii balls they will move tuwrard it as if attracted, allowing 
that the balU are electritied. 

It thus aiipeara tliat bodies become electrified by comiDg 
in contact with electrified bodies, and that electrificatJOB 
may show itself by repulsion as well as by attraction. 

386. Two Kinda of Electrification — Experiment.— Rub aglw 
tube with ^Ik and suspend it as in Fig. 221. Excite a second glass' 
tube and hold it near one eud of the suspended one. The nu- 
pended tube will I>e repelled. Bring near the euNpended tube a rodol 
sealing-wax excited by frictiou with flannel. The suspended tabeli 
now attracted. Repeat these tests with an electrified rod of sealinf- 
was in the stirrup instead of the glass tube. The electrified sealing- 
wax will repel the electrified sealiug-'wai, but there will be attewtion 
between the sealiug-wax and the glass tube. 

The experiment shows that there are two kindi of tUo- 
trification: one developed by rubbing glass with silk, and 
the other by rubbing sealing-wax with flannel. In tlie 
former ease the body is said to he positively electrified; in 
the latter case negatively electrified. 

387. First law of Electrostatio Action. — It was Eeen in 
the last experiment that there was repulsion between tlie 
electrified glass tubes, and that the electrified seaUng-wa^ 
attracted the electrified glass. These facts are expressefl 
by the following la'w : — 

Eleetrieal charges of like sign repel each other ; electnf^ 
charges of unlike sign attract. 

388. The Electroscope, a.s the name implies, is an icstr"' 
ment for detecting electrical charges. The most comO"' 
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rm is the gold-leaf eleetroseope. Through the insulatii^ 

opper of a glass flask jiasses a brass 

d terminating in a ball on the out> 

ie (Fig. 223), and two strips of 

in gold or aluminum foil on the 

aide, hanging parallel and close to- 

ther. If an electrified object is 

ought in contact with the rod, the 

3tal strips become aunilarly charged, 

,d are repelled from each other, 

389. Use of the Electroscope. ^ In 

der to determine the kind of elec- 
ification on a body, a proof-plane 
iy be used. It is a small metal disk cemented to oiu 
d of an ebonite or shellac rod (Fig. 224). Charge thi 
ictroscope by touching its knob with a glass rod excitee 
• friction with silk. Slide the metal disk of the proof J 
ane along the surface to be tested, and then bring i 
ar the ball of the electroscope. If the leaves divergi) 
pther, the body in question is positively charged (§ 
^H^ if they diverge less, thql 

^Bfc ^M^— ^^^w^^ charge is probably negatire'J 
^ An increase of divergence i 

^^ '^' a more reliable indicatioi 

lan a decrease, because the divergence will decrease whei 
>e proof -plane is not charged (§ 406). The test may t 
dried by touching the charged proof-plane to the knou 
£th6 electroscope. In either case, if there is a deereas* 
a the divergence of the leaves, repeat the test by charge 
ig the electroscope by means of a stick of seahng-v 
]Ohbed with flannel. If the leaves now diverge, thi 
Ig-in question is negatively electrified. 
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390 Simnltaneoiu Developmeat of the Two Elsotrificationi 

Experiment. — Fit to the end of a rud of scuHitg-wax a cap of Baoni 
three or four inches long, with a siUc cord 
attached to dmw it off {Fig. 225). Electrifj 
ibe rod hy turning it around in^de the uip, 
and then hold it near the knob of the elecbo- 
Bcope, No divergence will be observed. Bj 
the aid ot the coed remove the flannel cap, 
present it to the positively charged electro- 
scope. The increased divergence of the lesre! 
showH that the cap is positively charged. 
t the rod ot »ealiiig-was in the same way, it will be foimd W 

be negatively charged. 

The experiment shows (1) that one kind of electrtficatim 
18 not developed without the other; and (^2) that the t«« 
kindi of electrification are produced in equal quantitiet, 
demonstrated by the fact that the quantity in the rubber 
exactly neutralizes that on the rod when the two are in 
contact. The two charges behave like equal positive and 
negative quiintities. 

391. Conductors and Hon-coiLdiictorfl —Experiment— Fasten 
a smooth metallic button to a rod ot sealing-wax. Connectit with the 
knob of the electroscope by a fine copper wire, 50 to 100 cm. loaf. 
Boid the seating-was in the hand and touch the button withan«lee- 
trifled glass tube. The divergence of the leaves indicates that tbe; 
are eiectrifit^. If we repeat the experiment, using a silk threwiio 
place of the wire, no effect will be produced on the leaves. 

All substances may be roughly classed under two headi 
conductor! and non-conductors. In the former if one poi"' 
of the body is electrified by any means, the elect rifieatirti 
apreada over the whole body, but in a non-conductor ths 
electrification is confined to the vicinity of the point where 
it is excited. Non-conduetors are commonly called in«l^ 
ton. Substances differ greatly in their conductivity. *' 
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that it is not possible to divide them sharply ioto two 
classes. Metala, carbon, ami the solution of some acids 
and Baits are the best conductors. Among the best insula- 
tors are paraffin, turpentiue, silk, sealing-wax, india-rubber, 
gutta-percha, dry glass, porcelain, mica, shellac, spnn 
quartz fibres, aud liquid oxygen. Some insulators, like 
glass, become good conductors when heated to a semi-fluid 
condition. 

392. Probable Nature of Electrification. — It was sng- , 
Rested by Faraday, and a multitude of facts tend to 
confirm his view, that the electrification of a body is a 
drained condition of the ether which surrounds it and 
pervades it. Conductors differ from insulators in this : 
in the former, the molecular mobility is such that this 
state of strain is continually giving way, while in the 
latter considerable distortion is possible before the molec- 
nlar structure yields to the strain. The phenomena of 
attraction and repulsion exhibited by electrified bodies are 
due to the attempt of the strained ether in and around the 
bodies to return to its normal condition. In producing 
iflleetrification, work is done in distorting the medium 
hence electrification is a form of potential energy. 



VI. ELECTROSTATIC INDUCTION. 

393. Electrification by Induction. —Experiment. — Excita 
; glass tube by friction with ailk. Bring it gradually near the ball, 
a electroscope. The leaves b^iii to divergB when the tube is 
distance from the knob, and the amount of diTergeuce increases 
, tabe is brought nearer. When the tube is removed the leaves 

It is evident, since the leaves do not remain apart, that 

[ there has been no transfer of electrification from the tube 

^^6 electroscope. The electrified condition, produced in 




I 



ed i^^^J 
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the electroscope when the electrified body is brought ueai 
it, is due to what is called electrogtatie induction. Why 
Buch an effect should occur is easily understood when 
recall Faraday's views of electrification, that it is a distor- 
tion of the ether about the body. Evidently, then, any 
body placed within this electrical field would be electrified- 

394. Charging a Body by Indnotioii.—Espeiiiiieiit.— Support 

a smooth metallli; ball uii a dry plate of glass. Connect it with tba 
knob of the electroscope by means of a metallic wire, the ends of 
which are bent into a loop and smoothly soldered. The ball and the 
electroscope aow form oae continuous conductor. Bring near the 
ball an electrified glaaa tube; the leares of the eleebtiscope diTeige. 
Before removing the excited tube, remove the wire, handling it with 
some non-conductor. The eleelroBcopo remains chatted, and il will 
be found to be positive. A similar t«sb made of the ball will sbov 
that it is negatively charged. Repeat the experiment without remor- 
ing the connecting wire. There are no ^gns of electrificataoD aCta 
removing the excited tube. 

Hence, we learn that when an electrified hody i» broug^ 
near an object it induces the opposite kind of electrijiaiUoti 
on the side next it and the same kind on the remote side. 

395. The Inducing Charge equal to the Induced Charge. ' 

Experiment. — Support a metallia vessel, like the one shown in Fig-"*! 
on a glass plate and connect it with the knob of an electroscope bj * 
fine wire. Attach a silk thread to a metalllo ball about an inoh >S 
diameter, and charge the ball, holding it by the silk thread, i/>*^ 
the charged ball into the insulated vessel and observe that the 1e»T« 
of the electroscope diverge as the ball enters the vessel. The S^ 
gence increases till the ball has been lowered perhaps two iDob* 
below the top, and then remains the same, even when the ball touch* 
the bottom and communicates its charge to the insulated vMM" 
Suppose the ball charged positively ; it induces a negative charge OS 
the interior of the vessel and repels a positive charge lo the outoi*- 
This positive charge is equal to the charge on the ball, for the dive*- 
gence of the leavesdoesnot change when the ball gives up its charge to 
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the vessel. The charge on the ball Deubralizes the equal negative charge 
on the interior, leaving the equal positive charge on the exterior. 

Discharge the eiectruscope and cLarge the ball a second time. 
lAfter it baa been lowered into the insulated vessel without touching 
St^ place the linger on the ball of the electroscope; the leaves will 
tcoUapae. Remove the finger and lift the ball by the silk thread; 
)the leaves will again diverge. Lower the ball again till it touches 
Xlie vesael, and the leaves will again collapse. The charge induced 
«ii the inside is exactly neutralized by the inducing charge on the 



i Hence, the induced and the inducing charges are eqaal to 
jeach other. 



^ 396. Char^iiig an Electroscope b^Indnction.— Experiment. — 
Slold one finger on the ball of the electroscope and bring near it an 
felectrlfied glass tube. Remove the finger before taking away the 
wibe and the electroscope will be charged. Explain. What kind of 

Fitoification will then be on the electroscope? How can you modify 
intensity of the charge ? 

I 

VII. ELECTRICAL DISTRIBUTION. 

397. The Charge on the 
Outside of a Condnctor. — 

Experiment — Place a cylin- 
drical metallic vessel of about 
, one litre capacity on an 
insulated support (Fig. 22ti). 
A TEssel free from sharp edges 
rtwuld be selected. Electrify 
strongly and test in succession 
toih the inner and the outer 
Wrfttce, using a proof-plane 
lo convey the charge to the 
*l(ota>5cope. It will be found 
fiut the inner surface gives 
1 of electrification. 




w 
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Hence, it appears that the dectrieal charge of a a 
ductor t« confined to its outer surface. 

' 398. Effect of Shape. —Experiment.— Charge electrical]; 

insulated egg-ahaped conductor (Fig. 227). Touch the proof-plane 

the large eud, and convey the charge to tbe electro- 

I ^^^^^^^b ^op^' Notice the amount of separation of the leaTCs. 

^■^^M^P^^^ Test the small end of the conductor in the 
^^^^k I way. A greater divergence of the leaves will be 

^^^^B I observed in the latter case. 

^^^^■B^^ The dittrihution of the charge is, therefore, 

^^^^^^^SSr ''ff^'^^d iy the shape of the conductor, the 
^^^^^~^' surface densitif being greater the greater ih 

I ffurvature. By surface density is meant tbe quantity of 

electrification on a unit area of the surface of the con- 
ductor. The experiment shows that the surface density 
is greatest at the small end of the conductor. 

399. Effect of Area. —Experiment — Employing an electrosm^ 

I provided with a disk instead of a ball, or with an insulated disk a>t 

' nected with tha ball by a conductor, place on the disk a obaiiii ^"^ 

chaise the electroscope hy induction so that the leaves diveige itiddy^ 

Xow lift tbe chain by a dry glass rod, so as to increase the surfue"' 

I the conductor. The leaves of the electroscope will slowly ooll^* 

when the chain is lowered they will again diverge. 

j Hence, with a given charge, the larger the surf act W' 

smaller the surface density. 

' 400. Action of Points Experiment — Cement tbe middle of > 

sewing-needle to a stick of sealing-wax, as an insulator, so (hit"** 
needle and the wax form a T. Place the eye end of the needle agWl* 
the ball of the electroscoi*, and hold over and near its point &" 
' excited glass tube. When both are removed to a distance, the leiT* 

I, of the electroscope remain separated. The approach of the MCiW 

I tube will increase their divergence, showing that they are poritivelj 

I charged. 
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Discharge the electroscope and bold the eje end of the i: 
ainat the braaa tower down where it joinB the glaas of the iastni^ 
int. Now bring the excited glaas tube near the top of the ball. '1 
hen the tube is withdrawn the leaves will again diverge, 
mergence decreases upon the approach of the esoited tube, showing 1 
it the electroscope ia now charged negatively. In the first case ths ] 
iracted negative passed off from the electroscope b;^ the point of the 1 
edle, leaving the leaves with a positive charge. In the second case J 
a repelled positive was discharged into the air by the needle point 
iving the electroscope with a negative charge. 

From these experimenta it appears that electrificatira 
discharged by pointed conductors. This conclusion^ 
ight have been drawn from § 398. When the curvature '4 
icomes very great and the surface assumes the shape of am 
lint, the surface density becomes very great. The part 
Bs of air near the point become highly charged and art 
.en repelled. The charge is thua conveyed away, and t" 
t current produced is called an electric wind (§ 417). 

Vin. ELECTRIC POTENTIAL AND CAPACITY. 

401. The Unit of Electrification or Charge. — The electri> 
cation of a. conductor is Citpahle of exact raeasuremeni 
lough it is known only by the phenomena it present! 
'he unit of electric quantity may be readily defini 
magiue two minute bodies similarly charged with 
uaatities. They will repel each other. If the tvf o equal' 
id similar charges are one centimetre apart in air, and if 
liey repel each other with a force of one dyne, then the 
hargea are both unity. The electrostatic unit of charge ia 
ut quantity which will repel an equal and eimilar quantity 
i a distance of one centimetre in air with a foroe of one 
fyne. It is necessary to say " in air " because, as will be 
sen later, the force between two charged bodies depends 
^^enature of the medium between them (§ 407) 
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402. Coulomb's Law. — Coulomb demonstrated that the 
fnrce exerted on each other by two charged conductors, 
the size of wluch is very smHll in comparison with the dis- 
tance between them, is directly proportional to the prod- 
uct of the charges, and inversely proportional to the 
square of the distance between them. 

Let q und j* be the number of units of charge on tlie 
two bodies respectively, and let d be the distance between 
them in centimetres. Then the force which they exert on 
each other in dynes is given by the equation 

F^lf (28) 

If the charges are of the same sign, the force will be s 
repulsion ; if they are of opposite sign, it will !» an 

attraction. 

403. Difference of Potential. — Imagine two conductora 
similarly charged. Work will have to be done to bring one 
of them nearer the other. The force worked against is the 
force of repulsion between like charges. The difference oj 
potential between the two conductors is the work required t^ 
transfer a unit quantity of electrifieation from one of the w»f 
ductors to the other. 

If two similar conductors, which are unequally c] 
are brought into contact, or are connected by a wire, 
part of the charge on the conductor with the higher cliarg* 
will pass to the one with lower charge till equilibrimn '^ 
established. The conductor which parts with some of i*^ 
charge is said to be of the higher potential. Differenceo* 
electric potential is, therefore, like difference of temper*" 
ture for heat, or difference of level for water. As hea» 
flows from bodies of higher to bodies of lower temper*' 



ture, and as water flows from a higher to a lower level, 
teo positive electrical charges flow from conductors of 
liigher to conductors of lower potential. 

404. Zero Potential. — In measuring the potential differ- 
ence between a conductor and the earth, the potential of 
the earth is assumed to be zero. The potential difference 
is then numerically the potential of the conductor. If a 
conductor of positive potential be connected with the 
eartii by an electric conductor, the positive charge will 
flow to the earth. If the conductor has a negative poten- 
itial, the flow of the positive quantity will be in the other 
direction. 

' '405. Electrostatic Capacity. — Experiment. — Sugpond a Bmall, 
amooth metullii; ball by h. ailk thread. Charjje a. gold-leaf electro- 
ampe till the leaves diverge widely. JJring tlie ttmall ball in contact 
■with the knob of the electroanope ; the leaves will partly collapse, 
showing that the potential tias been lowered. 

If the charge on an insulated conductor is doubled, the 
force on a unit charge, anywhere in the neighborhood of 
the conductor, will also be dou"bled. The work required 
to bring a unit charge from the earth, whose potential is 
Kern, to the conductor will then be doubled also. This 
s that the potential of the conductor is doubled by 
doubling the charge. There is, therefore, a constant ratio 
between the charge on a conductor and its potential. 
This ratio is its electrostatic capacity. In symbols, if a 
charge Q raises a conductor to the potential V, its capacity 
^ G=Q/V. (29) 

An equivalent definition of capacity is the charge required 
to raise the potential of a conductor from zero to wiity 
,29) e= CF; and V= QfC. 
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Electric potential is analogous to pret 
containing a gaa. The capacity of the tank is the quan- 
tity of gas which it holds when the pressure is one atmos' 
phere. ■ The whole quantity of gas is proportional to the 
pressure, or Q = CP, and C= Q/P, relations precisely' 
like those expressed by equation (29). 

The experiment shows that the capacity of a conductor 
is increased by increasing its surface, since the potential 
decreased when the surface was augmented, the charge 
remaining the same. Conversely, with a larger surfaces 
greater charge is required to raise the conductor to the 
same potential. 

406. CoiideaBers. — Ezpeil]neDt — Support a metal plate in »Te^ I 

tical position by iiieans of two siUc corda. Connect it with tbe knob | 
of an eiectrosoope by a. floe copper wire. Charge the plal« til! tl 
leaves of the electrosJope show a wide divergence. Now bring U I 
unliisulat«d conductiDg plate near the chatted one and parallel to iti f 
The divergence of the leaves will decreatte ; remove the umnaulal^ | 
plate, and the divergence will increase again. 

The capacity of an insulated conductor is not dependent 
on its dimensions alone, but it is increased by the present f 
of another conductor connected with the earth. The 
effect of this latter conductor is to decrease the potential 
to which a given charge will raise the insulated oo8 | 
(§ 405). Such an arrangement of parallel condnotoB I 
separated by an insulator or dielectric is called a condtMV- 

A condenser is a device which greatly inci'eases ih^ I 
charge on a conductor without increasing its potential- i 
In other words, the plate connected with the earth greatlj I 
increases the capacity of the conductor. 

407. Influence of the Dieleetrie. — EipertaenL — With il* J 
apparatus of the last experiment, and with the uninButated plate » I 
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nisnt distance from the charged plate and parallel to it, 
iddenly between the two a cake of clean paraffin as large as 
A plates or larger, and from 2 to 4 cm. thick. Note that the 
f the electroscope collapse slightly. Remove the paraffin 
and the divergence will increase again. A cake of sulphur 
10 cm. thick will produce a marked effect on the divergence 

presence of the paraffin or the sulphur increases 
jacity of the condenser and, hence, decreases its 
al, the charge remaining the same. ParafBn and 
:, as examples of dielectrics, are said to have a 
dielectric capacity or dielectric constant than air. 
las a dielectric capacity from four 
times greater than air. 



The Leyden Jar is a common and 
ient form of condenser. It con- 

a glass jar coated part way up, 
aside and outside, with tin-foil 
228). Through the wooden or 

stopper passes a brass rod, ter- 
ig on the outside in a ball and 
inside in a metallic chain which 
. the bottom of the jar. The 
oil represents the collecting surface, and the glass 
lectric separating the two conductors. 

Charging and Discharging Jars. — To charge a 
I jar connect the outer surface by a metallic 
tor, such as a chain, with one pole of an elec- 
luacliine (§ 414). Place the ball in contact 
le other pole, at the same time turning the ma- 
or a few minutes. To discharge a Leyden jar 
a into the form of the letter V. With one end 
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e wire touchiDg the outer surface of the jar (Fig. 229), 
bring the other around near 
the ball, and the discharge will 
take place. 

410. Action of Jar Ezplaissd. 
— When a positive charge is 
communicated to the inner 
I surface of a Leyden Jar it acts 
inductively through the glass, 
attracting to the outer surface 
an equal negative charge and 
lelling positive to the earth. These two charges act 
lotively on each other through the glass and are said 
"bound," in distinction from the condition where 
an electrified conductor is at soroe distance from any other 
conductor, in which case the whole charge is "free." 
When the outer surface of the jar is connected with tlie 
earth, the electrical capacity of the 
inner coating of the jar is largely 
increased. (Why?) 



411. Seat of Chargfe. — Experiment — 

Charge a Leyden jar made with movable 

metallic coatinga (Fig, 230) and set it on an 

insulating stand. Lift out the inner coa,ting, 

and then, taking the top of the glass vessel in 

one hand, remove the outer coating with the 

other. The coatings now exliibit no sign of 

electrifloation. Bring the glass vessel nejvr a 

pile of pith-balls; they will be attracted t« it, 

showing that the glass ia electrified. Reach 

thumb and forefinger and touch the glass. A alight discharge maf 

be heard. Now build up the jar by putting the parts togetbi 

nil be highly electrified and may be discharged in the usual wayt 
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This experiment, due to Franklin, shows that the elec- 
^ification is a phenomenon of the glass. Faraday proved 
*hat duripg the act of charging the jar the glass is 
strained, the office of the conductors heiug to facilitate 
the release from strain. Tliis view is supported by the 
facts that thin jars can be brokeu by overcharging ; that 
io. jar enlarges on charging; that on heating a jar its 
: charge disappears ; and that on charging a jar heavily and 
then discharging in the tiaual way, a second charge 
ftceumulates after a few minutes, the time being lessened 
by tapping the jar. The glass acts as if it were strained 
iior distorted to so great a degree that, like a twisted glass 
fibre, it does not return at once to its normal state when 
fttleased. This second charge is called the residual charge. 

QueBtloQB and Problems, 

1. Stand a charged Leydeii jar on a cska of paraffin. Touch the 
ball vith the fioger ; it givea a feeble spark, but it is not diHcharged. 
Wby? 

a. Connect the inner surface of an uncharged Leyden jar to an 
«leotroacope, insulate the outer surface from the earth, and by means 
,of a jiroof plane impart a small charge to the inner surface. Notice 
ilia violent separation of the leaves of the electroscope. Now dis- 
ihu^ the jar and connect the outer surface to the eartli. Notice 
that a similar charge imparted to the inner coating does not affect 
Ibe electruscope as violently as before. Explain. 

3. Given a glass rod and a piece of silk, show how to charge an 
flleotrDscope either positively or negatively, as may be desired. Ez- 
idaiQ. 

■. When a piece of metal is brought near the ball of a charged 
Idaotroscope the divergence of the leaves diminishes, but increases to 
its first value nhen tiie metal is removed. Ei^plain. 

I, Wby do two oppositely charged metallic plates show a lower 
degree of electrification when close together than when far apart? 
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IX. ELECTRICAL MACHINBR! 



2. Friction UacMnea. — We have thus far refrained 

1 describing auy device for obtaining electrification 
lyond such simple means as rubbing a glass tube with 
sealing-wax with dannel. The explanation of 
toderu electrical machines involves some knowledge of 
dectrostatic induction ; it has therefore been deferred till^ 
e subject of induction has been introduced. 
The oldest forms of apparatus for producing elactrifica- 
ion by mechanical means consisted of a glass cylinder is 
, mounted so as to be capable of rotating, and pro- 
rided with siUt-covered pads pressing against the glass. 
Vhen the glass was revolved the fiiction electrified it 
sitively. Opposite the rubbers was an insulated con- 
ductor with sharp points just grazing the surface of the 
glass. The attracted negative charge passed ofE these 
points and neutralized the positive on the glass, leaving 
the insulated conductor positively electrified. 

These machines were very unsatisfaciory, and they have 
been long displaced by machines which depend for that 
action on the inductive influence of an electrified body od 
an insulated conductor. 

413. The Electrophoms. — The simplest induction (o' 
influence) electrical machine is the clectropkorus, inventea 
by Volta. It is shown in Fig. 231. A cake of resin or 
disk of vulcanite rests in a metallic base. Another metal- 
lic disk or cover is provided with an insulating handle. 
The resin or vulcanite is electrified by rubbing with dry 
flannel or striking with a catskin, and the metal dislc 
is then placed on it. Since the cover touches the non- 
r'Bonducting sole in a few points only, the negative charg" 
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due to the friction, ia not removed. The two disks with 
the film of air between them form a condenser of great 
capacity. Touch the 
cover momentarily 
with the finger, and 
the repelled nega- 
tive charge passes 
to the earth, leaving 
the cover at zero 
potential. Lift it 
by the in.'julating 

.handle, the positive 

charge becomes free, 

^nd a spark may be 

idrawn by presenting 

the finger. This operation may be repeated an indefi- 

kiite number of timeg without reducing the charge on the 

Vulcanite. 

I When the cover under inductive influence from the base 
Es touched, it poaseasea no potential energy. (Why ?) 
But when it ia lifted by the insulating handle, work is 
done against the electrical attraction between the negative 
charge on the vulcanite and the positive on the cover. 
The energy of the charged cover represents this work. 
The electrophorua is, therefore, a device for the continuous 
transformation of mechanical "work into the energy of 
electric charges. 

414. Inflaence Electrical Uaohinea. — The influence or 
induction electrical machine has undergone many modifi- 
cations since its first introduction. It must suffice here 
to describe only one machine. 

The Holtz machine, as modified by Toepler and Vosa, 
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is illustrated in Fig. 232. Ttiere are two glass plates, e' 
and e, about 5 mm. apart, the former stationary and the 
latter turning siljout an insulated axle by means of the 
handle h mid a l>elt. The statiouarj plate supports at 
the back two paper sectors, c and c', called armature». 
Underneath them are disks of tin-foil connected by a nar- 
row strip of the same material. The disks are electrically 
connected with two bent metal arms, a and a' (opposite a), 
which carry tinsel brushes long enougli to rub against low 
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brass buttons cemented to small tin-foil disks, calle<I I 
carrien, on the front of the revolving plate. OpposiW 
the paper sectors and facing them are two coralw ffi'^ j 
several sharp-pointed teeth set close to the revolving 
plate, but not touching the metal buttons and carriers- 
The diagonal neutralizing rod d has tinsel brushes id 
addition to the combs. The two insulated conduotorsi 
terminating in the balls, m and m, have their oapacitj | 
increased by connection with the inner coating of two | 
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small Leyden jars, i and i'; the outer coatings are coii- 
nected under the base of the machine. 

415. Action of the Uachine. — The operation of all infiu- 

ence machines depends on the employment of a small 
initial charge to act inductively on the conductors or 
carriers. The attracted charges pass off by tlie shai'p 
points of the combs or by the tinsel brushes, and are con- 
veyed away by the carriers and the revolving plate. 
They go to increase the initial charges and to electrify 
the insulated conductors. 

Suppose the two armatures slightly charged, the one on 
the left positively. (There is usually enough excitation 
due to friction, or to the contact of dissimilar substances, 
to furnish the very slight initial charges.) The brushes 
on the neutralizing rod d are set so as to connect two car- 
riers at opposite ends of the rod just before they pass 
l)eyond the influence of the armatures, e and c'. They 
thus acquire by induction negative and positive charges 
xespectively, which they carry forward till they are brought 
into momentary connection with the armatures by means 
of the brushes and the bent rods a and a'. They then 
dehver to them their small charges. This action ia re- 
peated by each pair of carriers twice during each revolu- 
tion. In this way the armature c becomes more highly 
positive and i/ more highly negative. When the arma- 
tures are highly electrified the carriers do not give up 
their entire charge to them ; the collecting combs attached 
to the rods m and n receive the residue, iii addition to the 
charges carried on the glass. The positive charge on m 
and the negative on n increase till a spark passes between 
the balls, or till further accumulation is prevented by 
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X. EXPERIMENTS WITH ELECTRICAL MACH 

416. AttraotioiL and Bepuluon. — Experiiment. — Charge ths 

Mlropborus &s directed. Ueforu liftiug tim plate, place a handful 
tf amall bits of paper on it. Why do they fij off when the plate 
dV 

Biperiment. — Support a metallic plate on a block of wood; on 
place the glaas cylinder of g 152, and let a second metallic plate rest 
on this glass. Connect the bottoin plate to one cooductor of the in- 
duction macliine and the top one to the other. IntheglaasTeaeelpnt 
a haudfid of pith-balls. Worlc the machine, and acoouut for tlu 
dancing of tlie pith-balls. 

Experiment. — Support a small glass funnel, having an aperture of 
about one-ei),'htli of an inch, in some suitable way, and fill it with fine 
dry sand. Notice that the sand rnns out in a smooth stream. Am 
one end of a wire into the sand in the^funnel, and connect the Other 
end with one of the conductors of an electrical machine. Set the 
machine in action, and observe that the sand of the escaping streun 
BOftttera. Explain. 

417. Suoharginif Points. — Experiment. — Suspend two [ntb- 
balls aide by side from one of the conductors of au electrical nacbiiu- 
When the plate is turned the balls separate widely. Why? No" 
hold a jiointed rod near the conductor; the balls drop, showing W 

I the conductor is discharged. Explain, 

Experiment — Fasten a cambric needle to one of the conductors oi 
an electrical machine, ao that the point projects. Try to chaige tl" 

E machine. Account for the failure to obtain sparks between the »*■ 
ductors. Hold the flame of a candle new ths 
j__^^^^^ point. It is driven away as by a wind. -A*" 

,/| ^ count for this air current. 

1 Experiment. — Connect an eleetrie toV*^' 

■ I qitei (Fig. 233) to one of the conductors <i 

V 1^ il^Hlli' "" ^'*<^'tri*'^l machine, the other one b«i>8 

J^^^^^^^^^^s, groundi!d. Notice the shape of its UDi^ 
^^^^^^B»H . ,-'= Work the machine; the whirl rotates rapidlj- 
Experiment. —Obtain two smooth ronM 
Fig. U3. metal plates 10 or 15 cm. in diameter. I*J 
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them on the top of a, tumbler, and support the other a. few 
5tres above the lirst bymeanaof astrick of Healing-was cemented 
entre. Connect the 
latea by wires or ii 

with the positive — J — q 
egative conductors 
Ively of an electri- 
ihiiie. Place a aniall 
or a piece of metal 

like a collar button 

lower plate. When 

achine is worked, 

win pass across be- 

the elevated metal 

! npper plate. They will be heavier and brighter if the plates 

neoted, the one with the out«r and the other with the i 

of a Leyden jar (Fig. 234). 

run a pin through a small cork so that it will stand on 
late with its point up. No eparke now pass aeross the ^woe i 
1 the insulated plates. The sharp pin protects the projeotii^ j 
5ven when it is higher than the pin. 

Meciiaiiical Effects of a. Discharge. — Experiment. — Hold 
of cardboard between the diecharging halls of an electrical 
e. Itwill be perforated by a apart and the hole will be burred 1 
1 on both sides. A thin dry plate of glass, or a thin test-tube | 
iharp point, may be perforated by a very heavy discharge. 

Heating Effects. — Experlinent. — Charge a Leyden jar. 
t its outer surface with a gas-burner by a chain or wire. Turn ■ 
pw and bring the ball of the Leyden jar near enough to the 
of the burner for a spark to pass. The gas will be lighted by . 
iharge. Explain. 

iriraeBt — Ignite ether in an iron spoon by proceeding a 
i ej^ieriment. 

riiment. — Make a torpedo as follows : Fit corks to the ends of 
tube, about 5 cm. long and 1 cm. diameter. Through o 
irttst two pieces of copper wire, the ends within the tube not 
Fill the tube with fine gunpowder, close it, and place 
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at a safe dii^tADce. Di^harge a be&vily charged Leyden jar through 
the two coj'jier wires, a piece of wet string being included in the dis- 
charge cirrmt. 

420. Haguetlo Effect. — Estperiment. — Mate a helix of copper 
wire insulated with giitiii-perch.a by winding it half a doz«n timea 
round a lead pencil. Place inside the helix an unmagnetized sewing- 
needle, and discharge a large Loyden jar through the helix. The 
needle will be magnetized. Compare the polarity of the needle with 
the direction of the discharge round it. 

421. fimsli Siuharge. - — When the balls of an electrical 
machine are separated too far for a spark to pass, the dis- 
charge then takes the form of an eleatric brus/i, accom- 
panied by a characteristic bisbing noise. In the dark the 
brush is aeen to consist of innumerable branching strBams 
of pale blue light diverging from a point not far from tie 
metal. The brush appears to tear away metallic particles 
from the electrode, and to form more readily at the negS" 
tive pole than at the positive. It is also brighter, smallari 
and less finely divided at the negative pole. 

,.\ 
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/ 422. Lightning. — It was demonstrated by Franklin in 
1752 that lightning is identical with the electric spark- 
He sent up a kite during a passing storm, and found that 
as soon as the hempen string became wet, long spark* 
could be drawn from a key attached to it, Leyden jar* 
could be charged, and other effects characteristic of staflo 
electrification could be produced. 

423. Lightning Plashes are discharges between oppositely 
charged conductors. They occur either between two 
clouds or between a cloud and the earth. The rise ol 
potential in a cloud causes a charge to accumulate on 
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jarth beneath it. If the stres3 in the air reaches a I 
in limiting value, the air breaks down, or is rup- I 
I, like any other dielectric, and the two opposite 1 
res unite in a long zigzag flash. This occurs when I 
ilectric tension reaches about 400 dynes per square I 
metre. A lightning flash allows the strained medium ' 
turn to equilibrium. ' 

L Atmospheric Electriflcatioii. — No satisfactory ex- 
Ltion of tiie cause of atmoapheric electrification haS' j 
leen given. It has been ascribed to evaporation and ■] 
ction between solid and liquid particles, 
le potential of the air in clear weather is generally | 
ive, and it is sometimes nearly as high as during a I 
1, but it shows smaller fluctuations. The observa- ■] 
at the Blue Hill Observatory near Boston show an J 
tge potential difference between the earth and the a 
SO volts (§ 465) for an elevation of 138 m., or nearly j 
ts per metre. This is equivalent to 0.00013 electro- 
) unit (§ 403} per centimetre of elevation. During 
der-storms this potential difference may amount to 
ilts per metre. It is possible to obtain sparks from i 
mdless sky when the exploring apparatus is at i 
,tion not exceeding 500 m, 

). Thunder. — A flash of lightning ruptures the air I 
heats it along the path of the discharge, producing a 
an expansion equivalent to a partial vacuum. Since 
pressure on the walls of this opening in the air ia 
onnds per square inch, they come together with a 
[it crash. At a distance the direct report is mingled 
its echoes from the clouds and the earth, producing | 
nr reverberations of distant thunder. 
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426. Oscillatory Discharge. — When a Lejden jar is higtly 
charged, the potential dift'erenue between its coatings in- 
creases till the dielectric between the discliarge terminals 
suddenly breaks down and a spark passes. This discharge 
usually consists of several oscillations or to-and-fro &- 
charges, like the vibrations of an elastic system, or the 
surges of a mass of water after sudden release from 
pressure. Imagine a tank with a partition across the 
middle and flUed on one side with water. If a small hole 
be made in the partition near the bottom, the water will 
slowly reach the same level on both sides without agitation; 
but if the partition be suddenly removed, the first violent 
subsidence will be succeeded by a retui-n surge, and tiiB 
to-and-fro motion of the water \vill continue with decreas- 
ing violence tilt the energy is all expended. 

A series of similar surges occurs when a condenser is 
suddenly discharged by the breaking down of the dieleC" 
trie. The oscillatory character oraach electric dischai^es 
was discovered by Joseph Henry in 1842, Its importance 
has been recognized only in recent times. Similar electni! 
oscillations probably take place in some lightoing flashes- 

427. The Aurora. — The aurora is due to silent ^ 

charges in the upper regions of the atmosphere, yfi^ 
the arctic circle it occurs almost nightly, and sometiin™ 
with indescribable splendor. The illumination- of ^ 
aurora is due to positive discharges passing from the highW 
regions of the atmosphere to the earth. In our latitnfl* 
these silent streamers in the atmosphere are infrequent- 
When they do occur they are accompanied by great W" 
tarbances of the earth's magnetism and by earth currents- 
Such magnetic disturbances sometimes occur at the 
time in widely separated portions of the earth. 
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XIL ELECTRIC CURRENTS. 

ft2B An Electrio Current. — WTien a condenaer is dia-J 
arged tlirough a wire, there ia produced in and arouj 
3 wire a state called an electric current. Electrification, 
a condition of strain in the dielectric ; the electric ouivl 
at rapidly relieves this strain through the discharging'B 
nductor. If the state of strain is reproduced by theW 
generator " as fast as it is relieved by the conductor, thsi 
ault ia a continuous current. To accomplish this resulftjl 
irk must be done, and therefore an electric curreufej 
presents energy. The expression, 
3urrent of electricity," was intro- 
leed when electricity was regarded 
I a fluid which flowed from higher 
I lower potential through a wire, 
lat as water flows through a pipe 
'om a higher to a lower level. So 
* ae we know, however, the only 
ling transferred is energy, and the 
slief ia growing that the energy ia 
3t transmitted by the wire at all, but by the ether aar- ■ 
landing the wire. However that may be, a uniform ■ 
ectric current through a conductor requires the main-l 
mauce of a constant potential diilerence between i 
tminals. One of the simplest means of doing this i 
le primary cell or battery. 




489. The Simple Voltaic Cell. — Ezpeiiment. — Cut s. atrip td\ 
avy sheet zwc and one of alieet copper, each about 10 cm. loi 
Dm. wide. Scour the zinc with emery paper till it is bright. Sup- 1 
it these atrips side by side in a gl&ss vessel nearly full of dilutfll 
Ipnurio acid (otie part acid to twenty of water). When the atripal 
^t tf^ther, innumerable bubbles of gas wiU rise from thsf 
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^iper atrip, &iid some also from the zinc. This gus is hfdro^n, ft|| 
Keniove the copper strip, or do not allow the two to touch, and ilit t 
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oheiuicnl action is much diniiniHlied. If a little niercurj be to* 
ruLibed on the ziiic, no gaa will be given off by it; bnt if the QppBi 
ends ot the two strips be coimected by any good conductor (Fig, 23S), 
gas will again come off freely from tbe copper- This action «ill 
ceaae if the connection be made by any aon-conductor. If the actiun 
continued for some time, tbe zinc will be found to waste away, 
the copper is unaffected. 

Such a combination of two conductors, immersed in* 
impound liquid, called an electrolyte^ which is capable of 
reacting chemically with one of the conductors, is called i 
voltaic cell or element. The name is derived from Volta ot 
Paduii, who first described such a ceU in 1800. 

A sufficieiitly sensitive test shows that the copper atrip 
or plate is positive and the zinc negative, A potential 
difference is tVierefore established between the plates by 
immersion in the acid solution. The copper plate is called 
the ponifwe eleMrode or the cathode, and the zinc the a^"- 
ft'tie electrode or the anode. A current always leaves the 
solution by the cathode (way down or out). 

430. The Circuit of a voltaic cell comprises the entire 
path traversed by the current, including the electrodes 
and the liquid in the cell as well as the external conductor. 
Closing the circuit means joining the two electrodes by 
a conductor ; breaking or opening the circuit is disconnect- 
ing them. The flow of current in the external circuit w 
from the positive electrode (copper) to the negative (Eiiio)> 
and in the internal part of the circuit from the negative 
electrode to the positive (Fig. 23.5). 

431. Electrooliemical Actions in a Voltaic Cell. —Toe 
lodern theory of dissociation furnishes an expl 
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oi the manner in which an eteetrie current is conducted 
^trough a liquid. It is briefly as follows ; When a salt 
Or an acid, such as hydrochloric acid (UCl), for example, 
js dissolved in water, some of the molecules at least split 
pto two parts (H and CI, for example), one part having a 
positive electrical charge and the other a negative one, 
S'he two parts of the dissociated subatance with their 
ilectrical charges are called ions. An electrolyte is a 
onipound capable of such dissociation into ions. It con- 
tuets electricity only by means of the migration of the 
ona resulting from the splitting in two of the molecules. 
J'he separated ions convey their charges with a slow and 
aeasurable velocity through the liquid. Electropositive 
Ins, such as zinc and hydrogen, carry positive charges in 
ne direction, electronegative ions, such as chlorine and 
Jsulphion" (SOj), carry negative charges in the opposite 
Irection, and the sum of the two Itiuds of charges car- 
Led through the Kquid per second is the measure of the 
iitrent. 

I The active components in a simple voltaic cell set up 
ith hydrochloric acid may be represented as follows : — 

H H H H 



CI CI CI CI 

Immediately after the circuit has been closed this be- 



Zn H H H 



01 CI CI CI 
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Zinc goes into solution, as zinc chloride (ZnClg). and 
hydrogen appears as free b jdrogen gas at the copper plat*. 
Zinc ions crowd out hydrogen ions, while the positive and 
negative charges brought to the copper and the zinc piste 
respectively reuiute as a current through the external 
conductor. 



] 



432. Electromotive Force. — A voltaic cell is an electno 
generator. It is analogous to a rotary pump which pro- 
duces a dififei-ence of pressure between its inlet and itsouUet. 
Such a pump may cause water to circulate through a aja- 
tem of horizontal pipes against friction. In any portion 
of the pipe system the force producing the flow is the dif- 
ference of water pressure between those points. But tlw 
force is all applied at the pump, and tbis produces a pres- 
sure throughout the whole circuit. 

A voltaic cell generates electric pressure called eUcin- 
motive force. It does not generate electricity, but it sup- 
plies the electric pressure to set electricity flowing. This 
electromotive force (E.M.F.) is numerically equal to the 
work which must be done to transport a unit quantity M 
electricity entirely round the circuit. Work is required 
to effect this transfer, because all conductors offer reaafc- 
ance to the passage of a current. The energy thus ei- 
pended goes to heat the conductor. 

The difference of potential between two points on the 
eitemal conducting circuit is the work done in carrying a 
unit quantity of electricity from one point to the other. 
If E denotes this potential difference and Q the quantity 
conveyed, then the whole \vork done is the product EQ. 
But the quantity conveyed by a conductor per second ifl 
called the strength of current^ I. The energy transformed, 
therefore, when a current / flows through a conductor, ' 
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ider an electric pressure or potential difference of . 
its between its ends, is £1 ergs per second, 

133. Detection of Current. — Eip*r™"nt. — Solder a, co 
'& to each of the strips of a voltaic cell, aud connect the y 
fa. some form of key to close the circuit. Stretch a, portion of 
« over a mounted 
.gnetic needle 
ig, 286), holding 
>ai'allel to it and 
near as possible 
thout touching. 
iw close the cir- 
Lt, and observe 
rt the needle is 
ftected ; after a 

V oscillations it comes to rest at an augle with the v 
rm a rectangular loop of the wire, and place the needle within ii 
greater deSection is now obtained. If a loop of several turns ii 
naed, the deflection is still greater. A magnetic needle employed] 
this way becomes a galvanoscope, a detector of electric currents. 

This experiment, first performed by Oersted id 1819J 
lOwe that the region round the wire has magnetic prop^J 
ties during the flow of electricity through it. In other? 
jrds, it is a magnetic field (§375). Water flowing] 
rough a pijie produces no disturbance in the region] 
and it, corresponding to the magnetic field round a eon-F 
ictor conveying a current of electricity. The analogyS 
tween a current of water and a current of electricity I 
is therefore in this respect. 




134. Selation between the Direction of the Cnrrent and tlie 4 
raetion of Deflection. — Experiment. — ^Making use of the appa- I 
us of §433, conipai'e the direction of the current through the v 
it that in which the north pole of the needle turns. Cause the car- J 
it to pass in the reverse direction over the needle ; the deflection if 



reversed. Noir ho!d the wii-e b«low the Deedle, And the direction ol 
deBection is a^aiii reversed. 

The direction of the deflection may always be predicted 
by the following rule : Stretch out the right hand along (it. 
teire, teith the palm turned toward the magnetic needle, ow) 
vnth the current flowing in the direction of the extendtH 
fibers. The outstretched thumb will then point in tht (fi- 
rection of deflection of the north pole of the needle. By tie 
converse of this rule, the direction of the current may bft 
inferred from the direction in which the needle is deflected, 

435. Local Action. — Szperimeat — Place a strip of commu- 
cial zinc in dilute sulphuric acid. Hydrogen is liberated daring tla 
chemical Bftiou, and after a. tew minutes the ziuc hecomes black from 
particles of carbon exposed to view on dissolying away the surface. B 
the experiment is repeated with zinc amalgamated with mercury, then 
will be little or no chemical action. 

This experiment shows that the amalgamation of com- 
mercial zinc with mercury changes its properties. If in 
the experiment with the simple voltaic cell, a galvanoscope 
is inserted in the circuit both before the zinc has been 
amalgamated and afterward, it will be found that a larger 
deflection will be obtained in the second case. 

The chemical action going on in a voltaic cell which 
contributes nothing to the current flowing through the oi> 
cuit is known as local action. It is probably due to the 
presence of carbon, iron, etc., in the zinc; these with the 
zinc form miniature voltaic cells, the currents flowing 
round in short circuits from the zinc through the hquid 
to the foreign particles and back to the zinc again. 

This local action is prevented by amalgamating the 

zinc ; that is, by coating it with an alloy of mercury and 

zinc. The amalgam brings pure zinc to the surface, 

■covers the foreign particles, and above all forms a smooth 
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nrface, so that a film of hydrogen clings to it and pro- J 
BCts it from chemical action save when the circuit iafl 
Blosed. I 

436. Polarizatioil. — -Eicperiment — Connect the poles of thaiB 
lltaic cell with a galvanoacope and note the deflection. Let the celll 
ffiun in circuit with the galvanoscope for some time, the deilectialifl 
ill gradually become leaa and less. Now stir up the liquid vigor-fl 
Uly with a gloHS rod, inserting the rod hetween the plates andJ 
lishing oS the adhering gas bubbles; the deflection will inorease tofl 
larl; its original amount. ■ 

The diminution in the intensity of the current is due tofl 
iveral causes, but the chief one is the film o£ hydrogeafl 
hich gathers on the copper plate, causing what is knowaS 
t the polarization o£ the cell. The hydrogen on the posi*^ 
Vb plate not only introducos more resistance to the flowB 
: the current, by diminishing the available surface otm 
tpper, but it diminishes the electromotive force to which ■ 
da flow is due. The presence of hydrogen on the copperB 
ate sets up an inverse E. M.F., which either reduces arm 
Ops the* flow of current. I 

> 437. BemedieB for Polarization. — Experiment.— Place enough 
He mereurj in a quart jar to cover the bottom, and hang above it a 
ece of sheet zinc. Fill the jar with a nearly saturated solution of 
It water, and place in the mercury the exposed end of a copper wire J 
Sulated with gutta-percha, the upper end forming the poaitive poleB 
the battery. ■ 

'If now the circuit is closed through a telegraph sounder {§ .^10) ot9 
a or fifteen ohms resistance, tlie armature will at first be attractedfl 
rongly; but in the course of a few minutes it will be released andil 
111 be drawn back by the spring. Polarization has then set ia<l 
the extent that the current is insufficient to operate the instru* >! 
Bnt. I 

Next take a small piece of mercuric chloride (HgClj) no larger I 
ion the head of a pin, and drop it in on the surface of the mercury. ' 
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The ftrmature of Ibe sounder will iiistantl; be dr&wn donu, ahoning 
tbat the current has recovered its Dormail value. The hydrogen bu 
beeu removed by the chlorine of the mercuric chloride. In 
roiuutes the clilorine will be exhaosted, and polarizaitioD will again 
set in. A little more of the cUoride will agaia restore the acliritjaf 
the cell. 

This experiment illustrates a chemical method of n- 
dueiug polarization. Means are adopted to replace tha 
hydrogen ions with others, such as copper or mercury, 
which do not produce polarization when they are deposited 

on the positive electrode ; or else the positive electrode 
is surrouuded with a chemical which furnishes oxygen or 
chlorine to unite with the hydrogen before it reaches tliB 
electrode. In both cases the electrode is kept nearly frefl 
from hydrogen. 

438. The Saniell Cell illustrates the first of these chemi- 
cal methods of preventing polari- 
zation. In its most common form 
(Fig. 237) it consists of a glass jar 
containing a saturated solution of 
copper sulphate (CuSO^), and 
a cylinder of copper, which i* 
usually cleft down one side. Within 
the copper cylinder is a porous cop 
of unglazed earthenware conttunir^ 
dilute sulphuric acid, or preferably 
a dilute solution of zinc sulphate 
(ZnSO^), The porous cup contains 
also the zinc prism Z. The porous 
cup allows the ions to pass through its pores, but it 
prevents the rapid admiKture of the two sulphates. Thfi 
copper sulphate must not be allowed to come in contact 
with the zinc electrode. 
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th sulphuric acid round Ihe zinc, the hydrogen i 
tercepted at the porous cup by the copper sulphate, 
ositive copper ions then migrate toward the copper 
ade and are there deposited as metallic copper. 
0^ ions go to the zinc electrode with their negative 
3S, as in the case of the simple voltaic cell, 
,he ziuc is immersed in zinc sulphate, then both sul- 
! undergo partial ionization or dissociation, and there 
I hydrogen ions. Only zinc a.nd copper ions travel 
i the copper electrode. Zinc ions never reach the 
r, because zinc in copper sulphate invariably replaces 
opper, forming ZnSO^ in place of the CuSO,. 
tioallj the operation may be represented as follows : — 

Zn Zn Cu Cu 
Zn Cu 

SO, Sl), SO^ SO, 
B easy to see that as soon as the circuit is closed, 
^ will be formed at the zinc electrode, and copper will 
Ksipitated on the copper electrode. At the same time 
is a loss of copper sulphate cor- 
iding exactly to the increase 
ic sulphate. Polarization is 
ly obviated in the Daniell 
nd it is one of the most con- 
elements yet devised. 

. The Gravity CeU (Fig. 238) 
odified Daniell. The porous 
I omitted, the partial aepara- 
)f the liquids being secured 
ference in density. The cop- 
ectrode is placed at the bot- 
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torn in saturated copper sulphate, while the zinc is 
pended near the top in a weak solution of zinc sulphftte,] 
floating on top of the copper sulphate. The zinc Bhould] 
never be placed in the solution of copper sulphate. ITia 
saturated copper sulphate is more dense than the dilute 
zinc salt, and so remains at the bottom, except as it slowly 
diffuses upwards. 



440. The Bonsen Cell (Fig. 239) consists of a glass jsr 

containing dilute sulphuric acid, and a hollow cylinder, 
of zinc immersed in it. Within 
the zinc cylinder is a porous 
cup containing strong nitric i 
and a prism of compressed 
carbon. 

The hydrogen ions from the 
sulphuric acid are intercepted 
on their way to the positive 
electrode by oxygen from th» 
nitric acid, and are oxidiwi 
with the production of water. 
The nitric acid molecule is 

broken up and yields a brownish red gas, which is very 

corrosive and poisonous. 

The Grove cell differs from the Bunsen in no reapeoS 

except that the positive electrode is a sheet of platiuum 

instead of a prism of carbon. 




441. The Chromic Acid Cell usually consists of a plate of 
zinc between two carbon plates dipping into a glass vessel 
containing dilute sulphuric acid, to which is added either 
chromic acid or the bichromate of potassium or of sodium- 
The sodium salt is much to be preferred to the potassium 
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, With the bichromates an additional quantity of 3ul- 
rio acid is needed to liberate chromic acid, 
ig. 240 illustrates a form of this cell, called the Qrenet 
which is very convenient, but is open to the objection 
i, since the carbon plates are left 
ding in the solution, the liquid soon 
ks up and attacks the connections 
he top, making it difficult to keep 
cell in good order. The zinc is ■ 
ched to a sliding rod. A, so that it 

be lifted out of the liquid when 
cell is not in use. 
he hydrogen coming from the ionized 

is oxidized to water by the chromic 
, and polarization is prevented. 
ig. 241 illustrates a form of chromic 

battery, where the several cells 
posing it have their carbons and 
B suspended from a frame. It is 
wn as a plunge battery, and is s. very convenient form 
experimental work. 
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443. The Leelaooh^ Cell (Fig. 242) consists of a. glas 
vessel contaioing a saturated solution of ammoDium chlo- 
ride (sal ammoniac) in which stands i 
zinc rod and a porous cup. In this 
porous cup is a bar of carbon very 
lightly packed in a mixture of man- 
ganese dioxide aud graphite, or grmm- 
lated carbon. 

The zinc is acted on by tlie chlorinft 
of the ammonium chloride, liberating 
ammonia and hydrogen. The am- 
monia in part dissolves in the liquid) 
and in part escapes into the air. Tlie 
' '■■ '"■ hydrogen is slowly oxidized by tha 

manganese dioxide. The cell is not adapted to eontiDUOu* 
use, as the hydrogen is liberated at the positive electrode 
faster than the oxidation goes on, and the cell is polarijed. 
If, however, it is allowed to rest, it recovers from polarisa- 
tion. 

Xin. EFFECTS or ELECTRIC CURRENTS. 



443. Heating of a Conductor. - — Ezperiment. — Clo.% the cimit 
of a, cliromic acid battery through a piece of No. 30 platiniim wiw ; 
about 3 cm. long. The wire hecomes red hot and possibly may to* 
If copper wire is sabstituted for the platinum, a smaller cbang^.^i 
temperature will be observed. 

In a battery, the potential energy of chemical sepa* ■ 
tion is transformed into the energy of an electric current' 
When the current does no work this energy ia all con- 
verted into heat in the circuit. The relative amounts 
of the heat generated in the external circuit and in the 
battery itself are strictly proportional to the external aw 
internal resistances (§ 460), If in the experiment the 
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ircuit is closed with the fine wire omitted, more heat is 
generated in the liquid of the battery than with tlie fine 
rire in the circuit. 

444. Generation of Heat by a Current. — In 1841 Joale 
iemonatrated experimentally that the heat generated by 
m electric current in any part of a circuit is proportional 
the square of the current, to the resistance of that part of 
Ae cireuit, and to the time during which the current flows. 

Let S be the heat in calories, I the current in amperes 
[§ 464), R the resistance in ohms (§461), and ( the time 
n seconds. Then H=0.-2i I^Itt, in which 0.24 is the 
lumber of calories in one joule. 

The heating effects of an electric current are utilized 
an firing blasts and cannon, in exploding torpedoes, in 
cauterizing, in welding, in heating rooms, in cooking, in 
producing high temperatures for melting refractory sub- 
Btances, and for conducting chemical processes which re- 
quire extreme heat. 

6, CHEMICAL I 



\ 

445. Electrolysis. — Eiperiment. — Bend a glass tube of about 
'l.5 em. diameter and 15 cm. long into a V-form (Fig. aiS). Close the 
■nda with corks and thrust through 
them platinum wires, terminating 
nithin the tube in narrow strips of 
platinuro foil. Support the tube in 
some convenient way after filling it 
two-thirds full of a solution of sodium 
lolphate, colored with the extract of 
purple 'Cabbage. Connect the ter- 
miaaJB to the poles of two or three 

cells joined in series (§ 408). After the circuit has been closed for 
% few minutes, the liquid around the anode will turn red, showing 
the presence of an acid, while that around the cathode will turn green, 
■bowing the presence of an alkali. 
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The experiment sliowa that the electric current in its 
passage tlirough a liquid decomposes it. To this pi 
of decomposiog liquids by means of an electric current 
Faraday gave the name of electrolyxis ; to the suhstanes 
decomposed, electrolyte; to the parts of the separated 
electrolyte, ions. Tlie anode is the electrode by wbicli 
the curreut enters the electrolytic cell, and the calhii 
the electrode by which it leaves. 

446. ElectroljrsU of Copper Sulphate. — Esperiment— Filltha 

V-tube of the last experiment about tuo-tliirds full of a soJutionof 
copper sulphate. After the circuit has becu closed a few minotM, 
the cathode will be covered with a deposit of copper, and buhblei ol 
gas will rise from the anode. These bubbles are ozygeu. 

When copper sulphate is dissolved in water it suffers 
dissociation to some extent. If, therefore, electric pre* 
sure is applied to the solution through the electrodes, the 
electropositive ions (Cu} are set moving from higher to 
lower potential, while the electronegative ions (SO^") cany 
their negative charges in the opposite direction. The Cu 
ions are therefore driven against the cathode, and, giving 
up their charges, become metallic copper. The sulphions 
(SOj) go to the anode ; and, giving up their chargW 
they take hydrogen from the water present, forming sul- 
phuric acid (H3SO4) and setting free oxygen, which 
comes off as bubbles of gas. If the anode were copperi 
the sulphion would unite with it, and copper would then 
be removed from the anode as fast as it is deposited on 
the cathode. The result of the passage of a current 
would then be the tran&fer of copper from the anode 
to the cathode. This actually takes place in the elec- 
trolytic refining of copper. 

It will be seen that the parage of an electric current 
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through au electrolyte is accomplished in the same way, 
whether it is in a voltaic cell or in an electrolytic cell. 

447. EleetrolyBiB of Water. — Experiment, — Insert two burette 
tubea into n, cork which has been boiled in paraffin, and which Ata a 
wide-mouthed bottle. The glaes stopcocks 
are at the top, as represented in Fig. 214. Tlie 
thistle-tube is Eiddadfor con venience in iilling. 
Solder platinum wires to two copper wires, 
insulated with gutta-pereha, the platinum 
wires terminating in strips of platinum foil. 
The copper must be completely insulated, 
leaving only platinum exposed. Insert the 

s and the foil as shown iti the figure. 
Open the stopcocks and fill through the 
thistle-tube with water, acidulated with sul- 
lifaoric acid, till the solution rises to the 
Stopcocks, which should then be closed. 
Connect the apparatus by means of the con- 
nectors with two or more chromic acid cells 
joined in series (§ 468). Bubbles of gas will 

noe begin to rise from the pla.tinum j;]jf| 
electrodes. After a few minutes the tube ^ 
over the cathode will be found to contain p j„ 

about twice as much gas as the other one. 

The gas given ofi at the cathode is hydrogen and at the anode oxygen. 
The apparatus is called a vohnmtUr or a coaloiaetMr. 

During the passage of the current the hydrogen ions, 
|Coniing from the dissociated sulphuric acid, move with 
the current and the sulphions (SO^) against it. The latter 
release oxygen from the water by taking away hydrogen, 
precisely as in the electrolysis o£ copper sulphate. If a 
copper or brass anode be used, the sulphion will attack it 
and no oxygen will appear. 

448. Laws of Electrolyaia. — The following fundamental 
laws of electrolysis were established by Faraday : — 
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I. The ma»» of an ion liberated is proportional to the 
quantity of electricity which poises through the electrolyte. 

The mass of an ion liberated in one second is, therefore, 
proportional to the strength of current. 

II, The masses of different ions liberated per second Sy 
the same current are proportional totheir chemical equivaUnii. 

By "chemical equivalents" are meant the relative 
quantities of the ions which are chemically equivalent to 
one another, or take part in equivalent chemical reactions, 
Thus, 32.5 gm. of zinc or 31.7 gm. of copper take the place 
of one gm, of hydrogen in sulphuric acid CHjSO^) to form 
line sulphate (ZnSO,") or copper sulphate (CuSOJ 
respectively. 

The first law of electrolysis affords a valuable means of 
comparing the strength of two electric currents by deter- 
mining the relative masses of any ion, such as silver or 
copper, deposited by the two currents in succession in the 
same time (§464). 

449. Electroplating conslHts in covering bodies with 
a coating of any metal by means of the electric current. 
The process may be summarized as follows : Thoroughly 
clean the surface to remove all fatty matter. Attach the 
article to the negative electrode of a battery, and suspend 
it in a solution of some cLemical salt of the metal to be 
deposited. If silver, cyanide of silver dissolved in cyanide 
of potassium is used ; if copper, sulphate of copper. To 
maintain the strength of the solution a piece of the metnl 
of the kind to be deposited is attached to the positive 
electrode of the battery. The action is similar to tb»t 
heretofore given. Articles of iron, steel, zinc, tin, andlead 
cannot be silvered or gilded unless first covered with a thin 
coating of copper. 
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450. Xlectrotyping conaista in copying medals, wood^ 
outs, type, and the like in metal, usually copper, by means 
of the electric current. A mould of the object is taken in 
wax or plaster of Paris. This is evenly covered with 
powdered graphite to make the surface a conductor, and 
treated very much as an object to be plated. When the 
deposit has become sufGcIently thick it is removed from 
the mould and backed or filled with type-metal. 



451. The Secondary or Storage Battery. — Bsperiment. — Con- 
heat the apparatus of § 447 to il suitable battery. After passing 
the current for a short time, causing an 
evoIutioD of gas, diacannect tke battery 
id put a galyanoBcope in its place The 
needle will be defected, showing that a 
current is now passing through the ap- 
paratus in a direction opposite to the 
battery current. 

Experiment. -^ Support two lead plates 
vith attached copper wires by a "ttrip uf 
wood (Fig. 245), and immerse the plates 
in dilute sulphuric acid, one part of acid 
by measure to five of water. Pass a cur 
tent from a suitable battery through tbis 
electrolytic cell for a few minutes, and 

then" disconnect the battery and connect the cell >■ ■ 1. .:■ ■ ■■ i ■ ■ ln;U 
{§ 515). It will furnish for some time a current sufficient to ring the 
bell. As soon as it is discharged connect again to the battery aa 
before and repeat the operation. 
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The last experiment illustrates the lead storage battery. 
The electrolysis of water liberates oxygen at the anode, 
wHch combines with the lead electrode to form a chocolate- 
eolored deposit of lead peroxide (PbO^). Hydrogen 
accumulates on the cathode. When the battery is discon- 
nected and the lead plates are joined by a conductor, a 
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"barrent flows in the external circuit from the oiidized 
plate, which is called the positive electrode, to the othe: 
one, called the negative, the lead peroxide is reduced to 
spongy lead on the positive plate, while aome lead sulphate 
is formed on the negative. During subsequent charg^g 
this lead sulphnte 13 reduced by the hydrogen to spoDgy 
lead. Note that the charging c\irrcnt 
passes through the storage cell in the 
opposite direction to the discharge cur- 
rent furnished by the cell itself. 

The storage battery stores energy 
and not electricity. The energy of 
the charging current is converted into 
t!ie potential energy of chemical separa- 
tion in the storage cell. When the 
circuit of the charged seeondaiy cell 
is closed, the potential chemical Hiergy 
is reconverted into the energy of sn 
electric current in precisely the Bftme 
way as in a primarj- cell. 
Fig. 246 shows a complete storage cell contatniDg one 
positive aud two negative plates. 







452. Magnetic Character of the Cnrrent. 
Connect two or three chromic acid cells iii parallel (§ 4S9). Clo* 
the circuit through a heavy 
wire, and then dip a, jior- 
tion of it into f 
filings. A thick cluster of them will adhere to the wire (Fig. StTj- 

This experiment illustrates the fact that a conduotflt 
through whicl) a current is passing possesses mugnt^o 
properties. The iron filings are magnetized by the CUT- 
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.rent and set themselves at right angles to the wire. When 
the circuit is broken, they lose their magnetism and drop off. 

453. Ua^netic Field about Coadnotor. — Ezperiment. — Bend 

nd support it in 
} shallow vessel nearly full 
ahowu in Fig. 248. 
pietize a, aeiving-needle and 
o that it will float on i ~ 
It will turn with its 
morth pole pointing north ; 
[but when a current is passed 
through the wire, it will aet itr 

perpendicular to a line p 5^ 

Hoining the needle and the wire. 

jiteyerse the current, and the needle will also reverse its direction. 

Experiment. — Support horizontally a sheet of stiff paper. Pass 

vertically through it a wire which 

connects the poles of a hattery of two 

or more chromic acid cells. Close 

the circuit and sift a few very fine 

iron filings 011 the paper, jarring it 

slightly with a pencil as they fall. 

They arrange themselves in circles 

with the wire at the centre. Place a 

small mounted magnetic needle on 

the paper near the wire. The needle 

sets itself tangent to these circles, 

and pouil^ in the opposite direction 

to that traversed by the liands of » 

watch, when the current comes up 

nigh the paper from helow. (What is the direction of the line." 

'of force?) 

I 

' These experiments show that the lines of magnetic 
[force about a, wire through which an electric current is 

i flowing, are concentric circles. Fig. 249 was made from 
a photograph of these circular lines of force as shown by 




L 



jj 
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1 filings on a plate of glass. Their direction relative 
b the current is given by the following rule : — 

Qra»p the mire by the riglit hand so that the earffm!** 
thumb points in the direction of the current; then the fiv^f 
indicate the direction of the linet of force round the win- 

Fig 25U IS a sketch intended to show the direction of 
tbeae ciroular lines of magnetic force (or magnetic whirl) 
which ever\«h le -nnnnnd i win con^PMng a current 




454 Froperbes of a Circular Conduotor — Expennunt— 

Bend a piece of No 18 topper wire into the form shown m fi! 

J 251 the diameter of the circle heitigabon' 

^^^^^ 20 cm. Suspend it b; a long tlireiid, s° 

^^^^P that the ends dip into the mercury cup! 

^^^^P shown in section in the lower part of 1''' 

^^^F figure. Send a current through tbe f>^ 

^^^B y-^ ^^ pended wire by connecting a battery to ti* 

^^^V f^ >. binding poets. A magnet brought near th» 

^^^B y N face of the circular conductor will csu^ 

^^^K I 11 the latter to turn about a vertical axis S^^ 

^^^K y j take up a position at right angli 



h. 




This experiment, due to Arsg"' 
shows that a circular current aoW 
like a disk magnet, whose poles »i* 
its faces. The lines of force BU^ 
rounding the conductor in this fot"* 
pass through the circle and oom* 
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nd from one face to the other through the air outsidi 
loop. The north-seeking side is the one from v 
lines issue ; and to an observer 

king toward this aide, the current 

ws round the loop counter-clock- 

le (Fig. 252). If instead of a single 

7n we take a long insulated wire and 

il it into a number of parallel circles 

pse together, the magnetic effect will 

increased. Such a coil is called a 

ix or solenoid; and the passage of 

electric current through it gives to it all the propertiefl 

a cylindrical bar magnet. 

USS. The Electromagnet. — EzpeTiment. — Wind neatly o 
ler tube, about 2 cm. in diameter and lu cm. long, three layers 
, 18 insulated copper wire. Pass an electric current through it a 
; ita magnetic properties by bringing it near a mounted o 
die. Now All the tube with straight pieces of soft iron w 
in bring it near the needle. Its magnetic effect will be greatlj 

This device, consisting of a helix encircling an iroitf 
■e, is called an electromagnet. The presence of the iroili 



» '^-J!--::- 




be shown by means of 
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B greatly increases the number of lines of force running 
rough the helix from end to end, by reason of its greater 
srmeability (§377) as compared with air (Fig. 253}. 
When the iron core is not used, many of the lines leak 
jut at the sides of the helix, and but few extend throogh 
1 end to end. The core not only diminishes the leak- 
age of the lines of force, but also adds many more to those 
previously running through the solenoid. Hence the mag- 
netic strength of a helix is greatly increased by the iron 



456. Hntual Relation of the Cnrrent and Lines of Force.— 

maguetized steel rod in a wooden clamp 
(Fig. 254) ; make a flexible con- 
ductor, by twisting together two 
or thrae strands of conduiitiDg 
tinqel (whicli can be bought ifl 
skeuis), and connect as shtnra 
in the figure When the curmt 
from two chromic acid cdl^.iT 
from a siugle storage odli 9 
turned on, the fle'-cible condiUtor 
will wind itself round the naff- 
net in a helix. Use ■eonie con- 
venient device to reverse tti6 
current, and the conductor wfU 
unwind and rewind itself in tin 



direction. 

Here the conductor tend* 

to wind itself in circle* 

round the lines of foroe 

through the long magnet 

E the magnet be grasped by the right hand, with th^ 

Stumb pointing toward its north pole, the current will 1m 

md to flow round in the direction of the fingers (§ 453). 
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457. The Hoiaeaboe HcLgnet. — The form g^ven to an 

electromagnet depends on the use to w 

The horseshoe or U-sfuipe (Fig. 2.55) 

ifl the moat common. The advantage 

of this form becomes apparent when 

attention ia directed to the fact that 

all magnetic lines are closed curves; 

that is, the lines of magnetic force or 

of magnetic induction are continuous, ' " ""' 

passing through the core from the. south to the north pole, 

and completing the circuit through the air from the north 
pole back to the south. Now, the 
shorter the air path of the magnetic 
lines, the larger their number and the 
stronger the magnet. The approach 
of the two poles in the U-shaped mag- 
net shortens the air gap, and hence 
increases the number of lines of force. 
If then a bar of 
soft iron, called an 
armature, be placed 
across the poles, 
the air gap is fur- ' 

ther diminished when the armature is i 

made to approach the poles (Fig. 256). 

When the armature is in contact with 

the poles, the magnetic circuit is all 

iron, and is said to be a closed circuit. 

»^he maximum number of magnetic ,.;;, ^i;. 

"Des then traverse it (Fig. 257). 

158. Tlie Polarity of a Solenoid may be determined hy 
lowing rule : — ■ 





■mJi< 



man school pbtsics. 

Qrasp the eoil with Uie right hand %o that the fingen pv^ 
in tJie direction of the current ; the north pole will then fe in 
the direction of the extended thumb. 

In Fig. 268, if the fingers of the right hand are parallel 
to the arrows and point in the 
same direction, the extended 
tlmmb will point toward N, as 
the north pole of the coil. The 
converse of the rule enables 
one to ascertain the direction 
of the current when the polarity 
of the solenoid is known. 

Fig. aw. 




459. Mutual Action of Tw 

Experiment — Construct a rectangular frame, 

lated copper wire No. 20, by -winding font 



h 



Onrrents. 

■85 cm. sqi 

five layers round the edge of 
ft square board. Slip the wire 
off the board and tie the parts 
together in a number of places 
trith tbreacl. Bend the endK at 
right angles to the frame, remove 
the insulation, and give them 
the shape shown in Fig. 259. 
Suspend the mire frame by a 
long thread so that the ends dip 
into the mercury cups. 

Wind several layers of the 
same size of insulated wire 
round a form about 10 cm. by 
20 cm. Connect this coil in the 
same circuit with the rectangu- 
lar coil and a battery of tno or 
three cells joined in series. 

First. Hold the coil HK with its plane perpendicular to the pl»* 
of the coil EF, with its edge H parallel to F, and with the cans* 
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E) adjacent portions flowing in the same direction. The 
i coil will turu upon its axis, the edge F approaching H, 
attraction. 

'.. Turn HK over bo that the currents in the adjacent por- 
md F flow in opposite directiouB. The edge F of the sua- 
ail w^ll be repelled by H. 

Give UK a quarter turn around a, vertical axis from the 
ihown in the figure. If it is near F, the suspeiided coil will 
direction to make the two parallel currents flow in the same 

. Hold the coil HK within the rectangular coll EF, and 
edge H making an angle with the lower edge of EF. The 
will turn till the currents in its lower edge are parallel with 
y, and flowing in the same direction. 

i results may be expressed by the following laws 

I between currents : — 

arallel currents flowing in the same direction attract. 

Parallel currents flawing in opposite directions repel. 

Currents making an angle with each other tend to be- 

rallel and to flow in the same direction. 

veil included the entire phenomenon under one law, 

'^e two circuits tend to move so that the number of lines 

common to 

shall be a 
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me direction. Many of the circular lines of force we 
ixtended so as to include both wires, and the tenaion along 
lem tends to draw the two conductors together. 

3 261 waii made in the same manner from the mag- 
Id around the two wires when the parallel c^^ 
rents were in oppo- 
site directions' 
The circular lines 
of force are 
crowded together 
between the wires, 
and their reaction 
to recover their 
normal position 
forces the ffirei 
apart. 

■ XIV. ELECTRICAL QUANTITIES. 
a. ohm's law. 

460. ReBistanoe. — Frequent mention has already beeo 
made of electrical reaigtance, electromotive force, and atre^"* 
of current. We shall now consider these quantities raoW 
closely, and shall study the relation between them whioh 
is known as Ohm's Law. This law forms the baflia <>' 
most electrical measurements of steady currents. 

No conducting body possesses perfect conductivity, bn* 
every conductor presents some obstruction to the passage 
of electricity. This obstruction is called its electr^ 
remtance. It is the reciprocal of conductanet, TlK' 
greater the conductance of a conductor the less iW 
resistance, the one decreasing in the same ratio as ths 
other increases. 
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461. Unit of Sesistance. — The practical unit of resisb 

icfl is the ohm. It was defined by the International Coiij 
■esa of Electricians in Chiesgo in 1893 as follows : "Thfl 
ternational ohm is represented by the resiatance offeree 
an unvarying electric current by a column of mercurT'^ 
the temperature of melting ice, 14.4521 gm. in mass, oil 
constant cross-sectional area, and of the length 106.91 
a." The cross-sectional area of this thread of ntercurj 
very nearly one square millimetre. 

462. Laws of Resistance. — I. The resigtance of a i 
letor is proportional to its length. For example, if 39 ft^fl 

No. 24 copper wire (B. & S. gauge) have a resistanoi 
1 ohm, then 78 ft. of the same wire will have a resist-J 
.ee of 2 ohms. 

II. The resistance of a conducf.or is inversely proportione^m 
itt eross-geetional area, and in the ca»e of round wire i 

versely proportioruxl to the square of its diameter. ^^M 
ample, No. 24 wire has a diameter of .0201 inch, 
3. 30 has a diameter of .01 inch, or nearly one-half of J 
o, 24. 39 ft. of No. 24 has a resistance of 1 ohm, and:^ 
7 ft. of No. 30, which is nearly -— , has a resistance also 
1 ohm, both at 22" C. 

III. The resistance of a conductor of a given length and 
tnt-sectional area depends upon the material of which it is 
<afe, and is affected by any cause vihiek modifies its molee- 
'■ar condition. For example, the resistance of 2.2 ft. of 
0. 24 German-silver wire is 1 ohm, whereas it takes 39 
'■ of copper wire of the same diameter to give the same 
Stance. Moreover, this is true only at a definite tem- 
^Uture ; if these substances are heated, the percentage 
icrease of resistance of the copper is nearly ten times as 
nuch per degree as that of German-silver, and twenty ■ 



mx^ 



BTGH 8CB00L PBTSICS. 

mes as much as that of an alloy called platinoid. All 
■Detals have their resistance increased by increase of tem- 
leratiire. Carbon and most electrolytic conductors de- 
■ crease in resistance as the temperature rises. 

KxperimeDt. — Connect the poles of a fresh chromic acid cell with » 
piece of fine platinum wire of such a length that the current beats it 
gto a duU red color. Now apply a, piece of ice to one portion and notice 
in temperature of the reniaitiing portion. Explain. 

Formula for BeBigtance. — The above laws are 
inveniently expressed in the following formula for tbe 
distance of a wire : — 



r=k 



I 



H which i is a constant depending on the material, I the 
oigth of the wire in feet, and C.3£. denotes "eiroulM 
nils." A "mil" is a thousandth of an inch, and circular 
tails are the square of the mils, that is, the square of lli6 
I diameter of the wire in thousandths of an inch. The 
constant 4 becomes then the resistance in ohms of ow 
mil-foot, that is, of a wire one foot long and one roil in 
diameter. The following are the values of k in obma IC 
several metals, at 20° C: — 

Silver 9.5S Iron 61.3 German-silver 181.3 

I^Copper 10. 19 Platinum 70.5 Mercury 6T4 

464. The Strength of a Current is measured by the mag' 
aitude of the effects produced by it. Either the chemiiS"' 
ctromagnetic, or the heating effects may be njad* 
lis of a system of measurement. The quantity w 
an ion deposited in a second furnishes a convenient m^' 
nitude for the determination of unit strength of cnrren" 
The unit of current strength is the ampere. It is ^^ 
■jonrreut which will deposit by electrolysis, under suitable 
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onditions, 0.001118 gm. of silver, or 0.0003287 gm. cM 
opper in one second. The ampere deposits 4.025 gm. of ^ 
iver in one liour. A milliampere is a thousandth of an J 
3ipere. It is to be noted that the electrolytic methodj 
leasures only the quantity of electricity passing througlfl 
Le decomposing cell, called a voltameter, in the given timafl 

465. ElectromotlTe Force is the name given to the causM 
- an electric flow. It is often called electric preasur^^ 
om its superficial analogy to water pressure. The unin 
E electromotive force (E.M.F.) is the volt. It is th« 
i-M.F. which will cause a current of one ampere to floi™ 
iroQgh a resistance of 1 ohm. The E. M. F. of a voltaiifl 
)U depends upon the materials employed, and is entireljfl 
^dependent of the size and shape of the plates. Thefl 

• M.F. of a Daniell cell is about 1.1 volts; of a frea^B 
Lromic acid cell, 2 volts; and of a Leclanche cell, !.« 
>lt8. The E.M.F. of a Carhart-Clark standard cell ijfl 
44 volts at 1.5° C. J 

466. Olim's Law. — The deEnrte relation existing bcM 
reen strength of current, resistance, and E.M.F. oM 
lown as Ohm's law. It may be expressed as follows: — fl 

The strength of a current equals the electromotive ^orogfl 
'■vided by the resistance; or in symbols: — ■ 

'here /is the current in amperes, E the E.M.F. in voltgfl 
nd R the resistance in ohms. Applied to a battery, ill 

* is the resistance external to the cell, and r the internaS 
^siatance of the cell itself, then ■ 

I, -^ . /_-.?_. J 

r4-R ^^^J 



it 
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bus, if A chromic acid cell of 2 volta E.M.F. audbslf 

I ohm iDteroal resistaiice is closed with a wire having 

^ rcBistance of one and a half ohms, the current will be 

2 

^ 1 ampere. 

E 



; we derive E = ZR ; that ii 



[l5 + 0.5 

From the equation I 

Jthe effective E.M.F. equals the product of the current 
Wand resistance. 



Again, 



= R, or the resistance of a conductor is the 



constant ratio between the E.M.F. and the current which 
it produces through the conductor. 

467. HethodE of Varying Strength of Corrent. — It is 

Evident from Ohm's law that the strength of the current 
irnished by an electric generator may be increased in 
3 ways; 1, By increasing the E.M.F. 2. Byreduoing 
he internal resistance. 

The E.M.F. may be in-creased by joining several cells 

D series, and the internal resistance may be diminished by 

Boonnecting them in parallel. Enlarging the plates of * 

battery or bringing them closer together diminishes the 

internal resistance. 

466. Conneotlng in Series. — If several cells are con- 
nected so that the positive pole of one is joined to the 
negative pole of the next and so 
on, then the total E.M.F. is the 
~L ^'^ sum of the E.M.F.'s of the seTei^ 

^^e_J -e-J^ cells. The cells are then said to be 
joined in »erie». Figure 262 ia the 
conventional sign for a single cdl. 
Fig. MS. xhe short, thick line represents the 
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e electrode, and the long, thin line the positive 
ie. Figure 263 shows six cells joined in series. II 
ill has an E.M.F, of 2 volts, then the 
i.M.F. will be 6 X 2 or 12 volts. In j L>^ 
connecting cells in this manner Q \ 
the internal resistance is also 
increased about six times, since 
the liquid conductor is six times 
as long as in one cell. The cur- 
rent for any external resistance 

R is then I~ =^- 

Qr + It 

469. Comiecting in Parallel. 

When all the positive terminals 
are connected together on one 
aide and the negative on the 
other, the cells are grouped in parallel. 
With n similar cells the effect of such a 
**■ grouping (Fig, 26-4) is to reduce the inter- 

istance to -th that of a single cell. It is equiva- 

increasing the area of the plates n times. AU the 
ie by side contribute equal shares to the output of 
tery. ., . ._ C'i-.-'t /' 



Belative Advantages of the Series &nd Parallel 

g. — It is evident from Ohm's law that when the 
I resistance is small, there is nothing gained by 
ng £ and at the same time increasing r, since 
remains practically unchanged. But when R is 
;he increase in r due to joining cells in series ia 
aan counterbalanced by the increase in E. Con* 



(]/- 
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eequently I is greater the larger the number of cells joinei 
in seiiea. For example : A battery of 6 cells, eauh liaviiig 
an K.M.F. of 2 volts and an internal resistance of 0-^ 
ohm, acts, first, through an. external resistance of 0.1 ohm; 
and, secondly, through one of 500 oluns. If joined in 

= 10,9. 






parallel circuit, then when ^ = 0.1, /= 



mperea; and when R=500,I= 



500 ^ 



0.1 + ^ 



= 0.004 ampere. 



t joined in series, then when R= 0.1, / = 
?.87 amperes; and when ^ = 500, / = 



0.1 + GxO.a 
6x2 



500 + S X O.S 

= 0.024 ampere. A comparison of these results showa 

ihat wlien the external resistance is small, the greater 

irrent is obtained by grouping in parallel ; but wltan 

) external resistance is large, the seri 

'■ gives the greater current. 

The largest current is obtained in any case by so group 

ing the cells that the external and internal resistances are 

■iflqual to each other. 

6. INSTBUMESTS FOB MEAaUBEMENT, 

471. The Galvanometer. — If a comparison of currents is 
lade by means of their magnetic effects, the instrument 
3ed for the purpose is called a galvanometer. If the 
tnometer is calibrated, sa as to read directly in amperes, 
Et is called an ammeter. A galvanoscope becomes a ^■ 
iVanometer by providing it with a scale so that the deflec- 
tions may be measured. In very sensitive instruments * 
small mirror is attached to the movable part of the instm- 
^ called a mirror galvanometer. Sometivtf 
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im of light from a lamp is reflected from this small J 
or back to a scale, and sometimes the light from i 
lie is reflected back to a small telescope, by means I 
■hich the deflections are read. In either case the 
I of light then becomes a long pointer without i 
ht. 



I. The Tangeat Galvanometer consists of a vertical coil ] 
ire (Fig. 265 J from twenty -live to thirty centimetres 1 
ameter, at the centre of which ia supported a magnet- 
needle about two centimetres long, furnished with a ] 
, light pointer moving over a graduated scale. Owing j 
le size of the coil the 
letic field at the centre 
arly uniform ; that ia, 
inea of force there are 
,bly parallel straight 

as in Fig. 261 ; and 
novement of the shorl 
le round a vertical axis 
not carry its poles inte 
ignetic field of differ- 
trength. Ujider these 
itions the strength of 
wrrent iB proportional 
e tangent of the an/fle 
'eJUcHon. For example, 
id successively in circuit with a tangent galvanom- 

give deflections of 55° and 36^° respectively, then ] 

,, ,^, . (AM 5.5° 1.428 2 

itreuffths of these currents are as t—— — ■ - ■ - ■ : = r ; i 

* £aw85^° 0.714 1 i 

is, the strength of one current is double that of the I 

r. (See Appendix.) 




if two different batteries, J 
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The meaning of the "tangent of an angle" maybe 
I clear by consnlting Fig. 266. The line AM is 




I perpendicular to OA. The tangents of 10°, 20°. 

)tc., are equal to the quotients of AB^ AC, eW-i 
divided by OA ; that is, they 
are proportional to the length* 
of the lines AB, AC. AJ>, el«' 



473. The d'Arunval Oaln- 
nometer. — One of the most 
useful forms of galyanometw 
is the d' Arson val. Fig. 
Between the poles of a Btroog 
permanent magnet swings ft 
coil suspended by a fine wi'* 
in such a way that the current 
is led in by the suspending 
wire and out by the wire con- 
necting the coil to a spring ** 
■or for reflecting a beam of Hg'i'' 
is attached to the coil. luside the coil is a soft iron tubs 
supported from the back. In some of the moat recent 
i of this instrument the coil is made narrower and 



■the bottom. A small min 
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tube is omitted. Figure 268 illuatratea a mirror 
leter with horizontal magnets. The glass in front 
avabie mirror is sil- 
Ifwaj up ; and the 
, looldng through a 
the upright strip, 
a fixed and a mov- 
^e of the scale. 

d' Arson val galva- 
the coil is movable . 
aagnet is fixed. Its 
'antagea are simpli- 
onstruction, almost 
lependenee of the 

and strength of '''^ ^^^ 

letic field at the place where it is used, and the 
s with which it cornea to rest after the coil has 
been deflected by a 
current through it. 

474. Voltmeters. — 

An instrument de- 
signed to measure the 
difference of potential 
in volts is called a 
voltmeter. For direct 

t'^^^^^V' currents the most con- 

^^^ venient portable volt- 

meter is made on the 
tbe d'Arsonva! galvanometer. The appear- 
me of the best-known instruments of this class ia 
L Fig. 269. The interior is represented by Fig. 
re a portion of the instrument is cut away to show 
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e coil and the springB. The current is led in by one spiral 
spring and out by the other. Attached to the coil is a veiy 
light aluminum pointer, which moves over the scale seen 
in Fig. 269, where it stands 
at zero. Soft iron pole- 
Ijieces are screwed fast to 
lliu poles of the perraaneDl 
iiKignet. and they are bo 
sluijied that the divisions of 
1 lie scale in volts are equal- 
Mull an instrument needfitc 
lit' frequently recalibrated 
because of slight changes in 
the strength of the magnet. 
A similar instrument, called 
Ml mnmttfr, is designed to measure currents in amperei- 
'Yiw rt'sistwice «f a voltmeter should be high, so that it 
will tiiko tlio smallest practicable current ; the resiatanw 
of »» tunnifler should be as small as poeslble, so that it 
will nut invrvoai! the resistance of the circuit in whidi it 




^HiTS. iMiatuM Onb.— 
^^^■iMi tot itw with » gait 
^^Hpw» v«n W {^rv-htt^od of 
^^Hff »t<x^triml iDc^lraiaeiits. 



4T3. »««Mt«aM OHb. — Coils of wire of known tbbA- 

tot itw with » galvuKMoaeter in measuring nsfi- 

•Ma W {^rv-htt^od of nuk^s 

etix^trieitl iDc^lraiaeiits. Thej 

Ittd b« IttiMMHtf^ «s shoVQ IB 

V^. £Tt. KaK^ o^ is wound oa 

kx^xhI 9o that tW ettmot 
'1)uaI number vi tiawtt ia 
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jnagnetic field- This methoil of winding diminishes what 
^ known as self-induction (§ 483), which is aa E.M.F. 
Wfecting the current on opening and closing the circuit. 
Khe ends of the coils are connected to the heavy brass 
Blocks, C\ C^, C\ on top of the box. When a brass plug, 
■s P, ia inserted between two blocks, as O^ and C\ the 
Burreut goes through the plug; but when the plug ia 
Bdthdrawn, as between C^ and C^, the current must go 
pirough the corresponding coil. 

I The resistance of these coila is often arranged in ohma 
W the following numbers : — 

j 1, 2, 2, 5, 10, 10, 20, 50, 100, 100, 200, 500, etc. In this 
W'ay any number of ohms from one up to the full capaicity 
t>f the resistance box can be thrown into circuit by with- 
drawing the proper plugs. 

1 476. Divided Circnits. — When the wire leading from 

liny electric generator is divided, into two branches, aa at 

S (Fig. 272), the current also divides, part flowing by one 

Jath and a part by the other. 

the sum of these two cur- 

'enta ia always equal to the 

forrent in the undivided part 

tf the circuit, since there is n^ „^ 

Xo accumulation of electricity 

rt any point. Either of the branches between B and A ia 

Sailed a shunt to the other, and the currents through them 

Ire inversely proportional to their resistances. 

477. Besietance of a Divided Circuit. — Let the total re- 
IBtance between the points A and B be represented by It, 
hat of the branch SmA by r, and of BnA by r'. The 
onductivity of BA equals the sum of the conductivities 



i 
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of the two branchea ; and, as conductivity is the recipro- 
cal of resistance, the conductivitieB of BA, BmA, and 

1 1.1 



BnA are 



R 



and 



reapectively, and 



rem this we easily derive R = 



B r r' 
To illuBtrate, let 



\ galvanometer whose reaistance is 100 ohms have iM 
binding posts connected by a shunt of 50 ohms resist- 
ance ; then the total resistance of this divided circuit is 
-— — 1- = 33^ ohms. The introduction of a shnnt alwajB 
lessens the resistance between the points connected, as i 
_and -B. J - ' - _ 

478. Fall of Potential along a Condactor. — When a CII^ 
Ktent flows through a conductor a difference of potentia! 
exists, in general, between different points on that con- 
ductor. Let A, B, O be three points on a conductor con- 
veying a current, and let there be no gource of E.M.f- 
between these point». Then if the current flows from A to 
B, the potential at A is higher than at B, and the potai- 
tial at B is higher than at C. If the potential difference 
between A and B and that between B and C be raeasurad) 
the ratio of the two will be the same as the ratio of ^ 
resistances between the same points. This is only another 
statement of Ohm's law. For since /= — , and the cur- 
rent is the same through the two adjacent sections of '^^ 
conductor, the ratio of the potential differences to the 
resistances of the two sections is the same. This impor- 
tant principle, of which great use is made in electrical 
measurements, may be expressed by saying that, when the 
current is constant, the loss of potential along a conduoiorii 
proportional to the resistance passed over. 
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||479. Wheatstone's Bridge consists of four resistances fl 

innecteii as shown in Fig. 273. The four conductorB | 

L R', Jt", X constitute the 

rms, and the conductor OB 

le bridge. When the cir- 

pit is closed the current 

Ivides at B, the two parts 

puniting at A- The loss of 

totential along BOA is the 

fUne as that along BDA. 

low if no current flows 

firough the galvanometer Q-, 

Ben the poteutials of C and 

9 must be the same. Under 

Pese conditions the fall of potential from B to (7 U 1 

be same as from B to B. We may get an expression I 

pr these two potential differences, and place them equal 1 

j> each other. Let I' he the current through R' ; it will ( 

rao be the current through R, because none flows across I 

(trough the galvanometer. Also let I" be the current | 

feffough the branch BDA. Then the difference of poten- 

fH between B and C is the same as between B and D, j 

hd by Ohm's law (§466) 

B'l' = R"T" (a) 

■ In the same way, the equal potential differences be- 
Ipeen O and A and B and A give 

RI' =XI" (6) 

j Dividing (a) by (6), we have 



(81)! 
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When no current passes through the galvanometer, the 
four resistances in the arms of the bridge form a propor- 
tion. If three of them are known, the proportion gives 

RR" 



the formula, X= 



R 



Problems. 

1. No. 30 wire has a diameter of 0.01 in. Calculate the resistance 
of 50 ft. of copper wire (k = 10.19) of this number. 

2. No. 156 wire has a diameter of 0.005 in. How many feet of 
German silver {k = 181.3) wire of this number will there be in & 
5000-ohm coil V 

3. Iron {k = 61.3) wire No. 10 is to be used in making a resist- 
ance coil of 20 ohms. The diameter of this wire is 0.1014 in. Calcu- 
late the number of feet required. 

4. What strength of current will be necessary to deposit silver by 
^ electrolysis at the rate of 1 gm. per minute ? 

5. If in 50 niin. an electric current deposits by electrolysis 19-722 
gm. of copper, what is the strength of the current ? 

6. How long will it require a current of 3 amperes to deposit by 
electrolysis 6 gni. of silver ? 

' 7. Six Daniell cells, each having an E.M.F. of 1.1 volts and an 
internal resistance of 3 ohms, are joined in parallel through an exter- 
nal resistance of 1 ohm. Calculate the current. Calculate the cur- 
rent if the cells are joined in series. - "^ * "*" * ' . ^ Y ^^ 

8. A chromic acid cell has an E.M.F. of 2 volts and an internal 
resistance of 0.4 ohm. What external resistance must be plaoed y 
circuit in order that the current may be 2 amperes? J>» \) V^ 

9. A current of 10 amperes flows through an electric lamp; the 
"^ difFerence of potential between the terminals of the lamp/is 7o 

volts. AVhat is the apparent resistance of the lamp? ^ • 

10. AVhat must be the resistance of a set of resistance coils carry- 
ing a current of 10 amperes and showing a fall of potential between 
its terminals of 450 volts? - ■ ^ '/v^"^ 

11. What is the resistance of an incandescent lamp taking 0.25 
ampere at a pressure of 220 Yolts? ^ "^ i; Of •"-'""' " 
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^Si^% galTanometer whose resistasce is 10,000 ohms has iU bind^| 
Dg posts joined by a sbuct wire of lUU ohms resistance. Wh&t is t)k^| 
lombined resiatanca between the binding posts? ^H 

13. A galvanometer of 100 olims resistance is to be provided wit]^| 
I shunt such tlial one-fifth of the whole current shall pass througin 
he galvanometer. Compute the resistance of the shunt. 1 

[The current divides inversely as the resistance of the Lranohea.] fl 

14. A Leeianche cell whose E.M.F. is 1.5 volts and internal reaiflt^ 
IDce is 0.5 ohm is connected to a galvanometer whose resistance ]^| 
OO ohms. Calculate the change in the current through the galnjH 
tometer when it is shunted by a wire whose resistance is 1 ohm. ^M 

[Cakulat« the current before the shunt is introduced, then calo^H 
|tte the resistance after introducing the shunt, and from that c^^| 
^te the current.] fl 

15. Three cells, each having an E.M.F. of 1 volt and au intemiriH 
eeistancG of 2 ohms, are to be joined so au to send the largest cuirenfH 
faiough an external resistance of 1 ohm. Determine the method 0^| 
onneotion and the current given. j' ■(■?/•■ - - ^ 9 

16. A uniform copper wire, 500 ft. long, connects the two poles C^H 
fn electric generator whose E.M.F. is 50 volts. If the positive polifl 
f the generator is electrically connected through a voltmeter to ^M 
tointlOO ft. along the wire, what will be its reading? [Consult § 478.™ 

17. A cell whose E.M.F. is 2 volts gave a current of i ampei« 
ilTOngli an external resistance of 3 ohms. What was the internal »« 
SBtanoe of the battery ? i .'■.-- ■ ■ 
f IB. What external resistance must be used in order that a batt«i^| 
W 5 volts E.M.F. and 2 ohms internal resistftnce may give a current oil 
i amperes 1 . ' i/ . ' 

19. Four similar cells, each with an E.M.F. of 1.5 volts, are joined 
t series through a resistance and found to give a currant of 1 
impere, and when joined in parallel through the same i-esiatanoe the 
tnrrent le a third less. What is the resistance of each cell? 

20. A current of 10 amperes is required through a resistance of 
IJoliins from a number of cells joined in series, each cell having an 
&JH.F. of 2 volts and a resistance of 0.1 ohm. Find the number of 



of tatiB, in citcMii with s 
the galTanooeter (Pig. St), 
Tlwwt qniEkh into the oA Uri 
nortfa pcde of » bw nugneL IV 
■teedfe of Ibe galTsnomeleririll 
b* dcdwMd, and tliia direeti0Dg{ 
the ddfa eti o M will show thtt I ; 
aometttaij aanat his been let. 
flowing roond the ccnl coniila'' 
dockwin to one loo&iiig don 
□poo iL The c 
soon as the magnet stops monng' 
When the magnet is remoTri,! 
current is produced in the opf*- 
iit^ direction to the firet oi 
the jouth pole be thmst i; 
coil, and then withdrawn, the <fiB- 
rents in both caaes aretherarern 
of those iirofiuceci by the north pole. If we substitnte a helji of* 
Buialler number of turns, or a weaker bar m^:net, the deflection will 
be less, showing that a weaker current is set Sowing, o 
E.M.P. has been generated. 

The momentary electTomotive forces generated in tba 
oelix are knoi^-n as induced electromotive forces, and Hfi 
cnrrents as induced currents. Tlie magnet carries with it 
into tbe eoil its lines of force : and when the relative ptai- 
tions of a magnet and a closed conductor are so altered 
that a variation is produced in the number of the lin«8 
of force linked with the coil, an induced eleetromotive 
force is ^nerated in the conductor in accordance with the 
followinfj laws ; — 

I. An increase in the nitmher of tinet of force Iftj*^ 
Hm'M a cotT produces an indirect electromotive fon 



M 
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in the number of lines produces a direct electro- 
iiive force. By direct electromotive force is meant one 

I the direction of the motion of watch-hands, and by 

iidirect electromotive force, ^ ^ 

ne in the opposite direction. 

fha observer must always be 

ooking along the lines of 

brce. Thus, if in Fig. 275 

be magnet he thrust into the 

oil in the direction of the 

Trow, the current will flow 

ounter-clockwise, as shown fib-sts. 

y the arrows on the coil. The naotion of the magnet into 

le coil carries its lines of force with it, and thus increases 

le number passing through the coil. 
II. The electromotive force produced is equal to the rate 

' increase or decrease in the number of lines of force linked 

ith the coil. 

S^eriment. — Wind a number of turns of fine insulated wire 
DUnd the armature o£ a horgeshoa magnet, leaving the ends of the 
iron free to come in contact with 
I he poles of the permanent mag- 
tiat. Connect the ends of the 
coil to a Benaitive galvanometer, 
the armature being In contact 
with the magnetic poles, as shown 
in Tig. 276. Keeping the magnet 
:ed, suddenly pull off the armature. The galvanometer will ahow a 
omeatary current. Suddenly bring the armature up to the poles of 
raagnet; another inomentftry current in the reverse direction will 
m through the circuit. 

When the armature is in contact with the poles of the 
agnet, the number of lines of force passing through the coil 
a maximum. As the armature is pnlled away, the num- 
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ber of EDsgnetic lines threading through the coil is^dt] 
diminishes. This experiment illustrates Faraday's method 
of obtaining electric currents by the agency of magnetism. 

481. Cuireiiti indaMd by Other CnrreBtx. — ^Epeiiment- 
within a coil couiiM'ted to a seasitive galvanometer a second 
coil in circuit with a batter; (Fig. 
277). The oBecte atd exactly like 
thoM obtained by the use of the nug- 
Det, even to the direction of tbe gal- 
vanometer deflection, when Uie polarilj 
<if the coit ($ 458) corresponds with 
that of the magnet. FurthenaoK, tin 
effects are the same if the coil is is- 
serted before closing the circuit 

This experiment shows th»t 
a coil through which a enirent 
is passing has the same effect in 
producing an induced eleetro- 
iiiotive force as a magnet. Thi« 
was to be expected, since we 
have seen that a coil carrirfng 
a current has properties ideoti- 
F,, JT7. cal with a magnet. The coil 

connected with the battery is 
the primart/ coil, and the other the secondary ecU- 




called 



482. Lenz'a Law. — The direction of an induced current 
is always such that it produces a magnetic field oppotifig '^ 
motion or change which induces the current. This is known 
as Lens's law. It is only the law of conservation o' 
energy applied to electricity. To illustrate the law, con- 
sider Fig. 275. When the north pole ^f the magnet i» 
tJirust into the coil, the induced current flowing in the 
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direction of the arrows produces lines of force running 
in the opposite direction to those from the magnet (§ 480). 
These lines of force tend to appose the change in the 
magnetic field within the coil, or the magnetic field set up 
by the coil opposes the motion of the magnet. 

Again, when the primary coil of Fig. 277 ia inserted 
into the secondary, the induced current in the latter ia 
opposite in direction to the primary current, and parallel 
cnrrents in opposite directions repel each other. In every 
tsase of electromagnetic induction the change in the mag- 
aetic field which produces the induced current is always 
jpposed by the magnetic field due to the induced current 
itself. 



Self-indaotioa. — BxperimeDt. — Make a, helix of thin 
-e with the turDS close together and about 2 cu. in diam- 
Ster. Solder to one end a small weight and to the weight a short 
of platinum wire. Support tbe other end of the helix in 
convenient way so that ita height can be readily adjusted, and 
let the platinum point just touch the surface of some mercury in a 
Small cup. Connect one electrode of a battery to the upper end of 
the helii and the other electrode to the mercury. The current 
through the parallel turns of tbe helii: will cause them to attract one 
another (§ 4QSI), thus shortening the helix and lifting the platinum 
"Wire out of the mercury with a brilliant Bpark. The attraction then 
itnmediately ceases, and the platinum point again drops into the mer- 
icury. The operation is thus repeated, and tlie helix is set vibrating 
with a succession of bright sparks at tlie break. (If the helix is long 
enough and properly weighted, it will divide into vibrating segmenta 
separated by nodes, like a stretched cord (§ 214)). 

Experimeat. — Attach to one pole of a chromic acid battery a flat 
£le and to the other a piece of iron wire. Draw the iron wire quickly 
across the ridges of the file. Only slight sparking will be visible, 
electromagnet (g 457) in the circuit and repeat the experiment. 
A series of bright sparks will now be seen as the circuit is broken at 
riba of the file. 



1 



^ 



Tbe sparks in botU cases are doe to the relstiTel; bi^ 
E. M. F. induced by the muttui IndactiTe actioo of adja- 
ceat tarns of the helix. When there U only a singie 
circuit, as in these cases, the a<;tion is called telf-induetioit. 
When the circuit is opened, the self-induct^d E. M. R 
tends to prolong the current, and a spark breaks oTer the 
opening. The current flowing across under the impulM 
of self-induction is often called the extra current. There 
is a similar self-induced E. M. F. when the circuit is closed, 
and this prevents the instantaneous rise of the current to 
its loaximum value given by Ohm's law. 

Let a coil be wound round a wooden cylinder (Fig. 278)- 
Then some of the lines of magnetic force around one tnm 
_^,__^ will thread through adjacent torus.. 

If the cylinder PR is iron instead 
of wood, the magnetic fiux through 
all the parallel turns of wire will 
be greatly increased (§ 455). At 
the instant when the circuit \i 
T— closed, the increase of magnetic in- 
duction through the parallel tarn* 
of wire will give rise to a count«r 
E.M.F. of self-induction ; and when the circuit is openeA 
the decrease of magnetic induction through the coil causa 
a direct E. M. F. ; that is, one in the same direction as the 
current itself (§ 481). 

484. Self-induction with a Wheatstoue's Bri^. — Expeii- 
ment, — Counect an electromagnet in one of the arms ol a Wheit' 
stone's bridge (§ 479) as a resistance to be rneasnred. Adjust to" 
balance bo that no current flows through the galvanometer when™* 
battery circuit is closed first, and tlie galvanometer circuit a ft" 
seconds later. Then, keeping the galvanoineter circuit closed, elO* 
and open the battery oircnit. The galvanometer will show a shwp 
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Q circuit b closed, and ii 



fteflectiou in one dii'ectiou when the n 
bther direction when it ia opened. 

The E. M. b\ generated by self-induction in the electro- 
knagnet destroys tiie balance. The deflections of the 
Ealvanometer demunstrate that the induced E. M.F. is 
pi one direction when the circuit thi'ough the electro- 
magnet is closed, and in the other direction when it is 
opened. 

^485. The Indactiou Coil. — An apparatus for producing » 
bigh E. M. F. by means of induction is called an induction 
coil or a transformer. 
It consists of a coil of 
coarae insulated wire 
Kur rounding an iron 
core, and a second 
boil of a very large 
Dumber of turns of 
fine wire surrounding 
the first (Fig. 279). 
The inner or primary coil is connected to a battery through 
a current interrupter ; also through a device called a com- 
mutator for changing the direction of the current. At 
the *' make " and " break " of the circuit currents are 
induced in the secondary coil in accordance with the 
laws of current induction (§480). In coils designed to 
give eparks between the tei-minals of the secondary coil a 
vandenser is added. It is placed in the supporting base 
iof the coil, and consists of two sets of interlaid layers of 
tin-foil, separated by sheets of paper saturated with oil or 
paraffin. The two sets are connected with two points 
»f the primary circuit on opposite sides of the current 
ipter. 
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486. AetioiL of tbe CoiL — Figure 280 shows the arrange- 
ment of the various parts of an induction coiL The cur- 
rent first passes through the heavy primary wire FF, 
thence through the spring A, which carries the soft iron 
block F^ then across to the screw 6, and so back to the 
negative pole of the battery. This current magnetizes 
the iron core of the coil^ and the core attracts the soft 
iron block jP, thus breaking the circuit at the point of the 




Fig. 280. 



screw h. The core is then demagnetized, and the release 
of F again closes the circuit. Electromotive forces are 
thus induced in the secondary coil SS, both at the make 
and the break of the primary. Hence, if the secondary is 
closed, alternating currents are induced in it by the inter- 
mittent current in the primary. The high E. M. F. of the 
sefK)ndary is due to the large number of turns of wire in ^^ 
and to the influence of the iron core in increasing the nuni- 
\)(tr of lines of force which pass through the entire coil- 

Tl)(} self-induction of the primary has a very important 
ln;aring on the action of the coil. At 'the instant the cir- 
cuit is closed, the counter E.M.F. opposes the battery 
currcjnt, and prolongs the time of reaching its greatest 
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rength. Consequently the E. M. F. of the secondary 
il will be diminished by self-induction in the primaiy^ 
lie E. M.F. of self-induction at the "break" of the pri<« 
ary is direct, and this added to the E.M.F. of thm 
ittery produces a spark at the break points, 

487. The Condeiuer. — The addition of a condenser in* 
■eases the E.M.F. of the secondary coil in two waya 
It gives such an increase of capacity to the primal 
il that at the moment of breaking tlie circuit the poten- 
1.1 difference between the contact points does not rise high 
ough to cause a spark discharge across the air gap. The 
terruption of the primary is therefore more abrupt, and 
3 E.M.F. of the secondary is increased, 2. After 
eak, the condenser C, which has been charged by the 
M.F. of self-induction, discharges back through the pj 
try coil and the battery. The condenser causes 
sctric recoil in the current, and returns the stored charj 

a current in the reverse direction through the primary, 
Ub demagnetizing the core, increasing the rate of change 

magnetic flux, and increasing the induced E.M.F. in the 
Sondary. The condenser momentarily stores the energy- 
presented by the spark when no condenser is used, and. 
en returns it to the primary and by mutual induction to 
e secondary, as indicated by the longer spark or the: 
«ater current. When the secondary terminals are sepa- 
ted, the discharge is all in one direction and occi 
len the primary current is broken, 

l88. Experiments with the Induction Coil. — I. Phyiiologicat^ 
fkcU. — Uold in the hands tlie electrodes of a very small inductioll,! 
1, of the style used by pliysicians. When the coil is working, % 
liuliar muscular contraction is produced. 
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I The " shock " from large coiU is daageroos on aoconnt 
of the high E.M.F. The danger decreases with the in- 
crease in the rapidity of the impulses or alternatioDi. 
Experiments with iDduction coils, worked by alternating 
carrents of very high frequency, have demoDstnited thit 
the discharge of the secondary may be taken through the 
body without injurj-. 

2. Mechanical Effect). — Hold a piece of cardboard between the 
electrodes oC an induction colt giving a spark 3 cm. long. The tvd 
will be perforated, leaving a barr oa each side. Thin plates ot uj 
noD-conductor cau be perforated in the same toanaer. 

3. Heating Effectt. — Make a torpedo (§419) and place itinc^ 
cult with an induction coil. Close the batterj- circuit aad the toipe^ 
will explode. 

4. Ckerrdeal EffeeU. — Place on a plate of glass a 8trq> of 1^ 
blotting-paper moistened with » solution of potassium iodide ill' 
Btarcb paste. Attach one of the electrodes of a small induction wl 
to the margin of the paper. Handle a wire leading to tlie oltf 
electrode with an insulator, and trace characters with the wire on 
the paper when the coil is in action. The discharge decompc*^ 
the chemical salt, as shown by the blue mark- This blue mark >> 
due to the reaction between the iodine and the starch. 
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Espenment. — Cotet tb* 
glitsa goblet with tin-foil, a little over halfwaj oP- 
and place the goblet on t)ie table of the air-pUBPi 
under a bell-jar provided with a brass sliding'™ 
passing air-tight through the cap at the l«p (Fig' 
281). Surround the part of the rod inside ^^ 
jar with a glass tube and push the rod down "" 
it touches the tin-foil. Connect the rod aud tie 
nir-pump table to the terminals of the induction 
-■oil. When the air is exhausted a beautiful pl*J 
of light will fill the bell-jar. If the vase is m*^ 
of uranium glasB, or if it stands on a blocit of 
that materia!, the effect is still more beaatiful- 
This experiment is known as Gaaxiofi eateai*- 
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The best effects are obtained with discharges from the 
aecondary o£ an induction coil in glasa tubes when the 

exhaustion 'is carried to a 

preBBure of about 2 mm. of '^^OQSISSID*^^ 

I mercury, and the tubes are 

! permanently sealed. Flat- c^^^^^^ak M O O ^A^^^, 
inum electrodes are melted M U U \g^^^^^ 

I into the glass at the two 
ends. Such tubes are. 
known as Geistler tuhee. 
They are made in a great 
variety of forms (Fig. 282), 
and the luminous effects 

are more intense in the narrow connecting tubes than in 
the large bulbs at the ends. The colors are determined 
by the nature of the residual gas. Hydrogen glows with 
a brilliant crimson ; the vapor of water gives the same 
color, indicating that the vapor is dissociated by the dis- 
charge. An examination of this glow by the spectroscope 
gives the characteristic lines of the gas in the tube. 

Geissler tubes often exhibit stratifications, which consist of 
portions of greater brightness separated by darker intervals. 
Stratifications have been produced throughout a tube 50 feet 
long. These stria present an unstable flickering motion, 
resembling that sometimes observed during auroral displays. 

490. SiBcharges in High Vacua. — When the exhaustion 
of a tube is carried to about a millionth of an atmosphere, 
^ the effects of an electric discbarge through it are entirely 
' changed in character. The light emanating from the resid-, 
ual gas nearly disappears. The dark space, which is present 
about the negative or cathode of a Geissler tube, broadens 
' till it reaches the opposite wall of the bulb. Tubes of this 
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i were first investigated bj Sir WiUlain Crookes; tliej 
I Uierefore known as CWtMto tvia. A stream of th« 
electrified particles, M 
of mnch mure minate 
parl6 called eorjnadu, 
is ihen projected from 
the cathode across to 
ilie opposite wall of fte 
bulb. The impact ei- 
cites remarkable lomi- 
nous effects in the gUs<- 
Other substances, such 
as diamond, raby, and Tarlous sulphides, under the impact 
of the cathode rays, aa they are called, exhibit beantiW 
fluorescent colors (Fig. 283). 

These cathode rays are straight and at right snglee to 
the cathode surface, except when they are deflected by a 
magnet or by mutual repulsion. The cathode stream, wl*" 
once deflected by a magnet, does not recover its former dJW' 





I th( 
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after passing the magnet (Fig. 284). A screen, H 

placed in the path of cathode rays stops them more or less 

comjiletely, and appears to cast a shadow by protecting 

of the tube from their impact. At the same time 

le obstruction is acted on mechanically, as if by a boiii- 
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rdment or a wind. If the cathode is concave, the rayij 
388 at a focus, and at thia focus platinnm foil can be rai 
a white heat (Fig. 285). 

491. Boent^s Bays. — The 

ys of radiaDt matter, as 

'ookea called it, emanating 

)in the cathode, give rise to 

other kind of rays when they 

■ike the walls of the tube, or 

piece of platinum placed in 

eir path. These last rays. 
"which Roentgen, their d 

verer, gave the name of ", 

y«," can pass through glass, 

d so get out of the tube. 

>ey also pass through wood, 

per, flesh, and many other 

bstances opaque to light. 

ley are stopped by bones, 

itals (except in very thin sheets), and by some other sub-: 

mces. Roentgen discovered that they affect a photo^'. 

aphjc plate like light. Hence, photographs can be takei 
objects which are entirely invisible to the eye, such 

ie bones in a living body, or bullets embedded in the flei 

A Crookes tube 
adapted to the pro- 
duction of Roent-; 
genrays(Fig.286;; 
has a concave cath- 
ode K, and at itS> 
focus an incline* 
piece of platinumj 
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^A, which Herven an the anode. The X-rays origiaate at A 
and insoe from the side of the tabe. Figure 387 is > 
photograph taken by the aid of one of these tabes. The 
HenHitizcd plate was enclosed in an ordinary plate-faioideri 
the liarid was laid on ihe holder next to the senijitized side 
of the plate, and the 
X-ray tabe was held 
about a foot abore tiiB 
hand. 

The tube of Fig. 286 
is called a focus tiAe, 
Ijeeause the cathode i« 
so shaped that all the 
cathode ray a reach tlie 
inclined platinam anode 
at nearly the same point- 
The X-raya themselves eim- 
nt be focussed ; all photo- 
graphs taken by them are only 
shadow pictures ; but, as in the 
case of light, the shadow will be 
sharper when the source of light is 
of small area than when it is lii^ 
''•t- 'S' (§ 232). When the tube is working 

well, the anode A becomes red-hot near its centre, and i" 
then a source of copious X-rays. 

498. The Flnoroioope. — Soon after the discovery <» 

X-rays it was found that certain fluorescent subatanoW 
like platino-barium-cyanide, and calcium tungstate, ^ 
come luminous under the action of X-rays. This fact hs^ 
been turned to account in the construction of a fiuorotsopi 
(Fig. 288), by means of which shadow pictures of eon- 
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U,*d objects become visible. An opaque screen ia coverec 

one side with the fluorescent subatance ; this f 
J into the larger end of a 
X blackened inside, and 
ving at the other end an 
eningadapted to fit closely 
3und the eyes, so as to 
elude all outside light. 
hen an object, such as 
a hand, is held against the 
■Orescent screen and the fik, sbb. 

oroscope is turned toward the Eoentgen tube, the bonea 
B plainly visible as darker objects than the flesh becauM 
By are more opaque to X-rays. The beating heart mav 
made visible in a similar ii 




XVL DYNAMO-ELECTRIC MACHINES. 
483. A Dynamo -eleotric Haohine ia a device designed t 
oduce electric currents by the expenditure of mechai 
1 work. The so-called generation of electric currental 
insists always in the generation of electromotive forces ' 
' electric pressures. Every dynamo-electric machine has 
nee essential parts : 1. The inditc^or or majmet by which 
le magnetic field is produced. 2. The armature, or system 
' conductors in which electromotive forces are generated 
r a change in the magnetic field or flux through it. 3. The 
"uthes or collecting rivgs. When the field is produced 
r a permanent magnet, the machine is called a magneto ; 
hen the electromagnet is used, the roachine is a dynamo. 

494. The Heal Simple Dynamo. — Suppose a single loop 
wire to revolve between the poles of a magnet NS (Fig. 
19) in the direction of the atrov7 and round a horizontal 



i 
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Ulie magnetic flux runs across from W to S, u 
indicated by the light lines. Tlie loop encloses in the 
position shown the largest possible magnetic Sax. Wbeo 
it has rotated through a quarter of a turn, the magnetic 
Qux will be parallel to its plane, and none will then [ABS 
through it. During this quarter turn, the decrease in tifi 
itic flax through the loop generates a direct E.M. 
looking in the direction 
N to S, as indicated bj" 
the arrows on the loop- 
During the next quarter 
turn the magnetic flu* 
through the rotating loop 
will increase again, but 
it will run through the 
loop in the opposite direction. This is equivalent to » 
continuous decrease in the original direction, and therefoK 
the direction of the induced E.M.F. round the loop re* 
mains the same for the entire half turn. If the loopi* 
part of a closed circuit, a current will flow in the direction 
of the E.M.F. induced. During the next half revolu- 
tion, the current will flow in the opposite direction rouBO 
the loop. Hence the E.M.F, and the current throBg'' 
the loop reverse twice during every revolution. 

_x^495. The Shnttle Armatore. — If the loop is composed ^ 
several turns of wire instead of one, the E.M.F, generaW* 
by the rotation o£ the coil is increased in 
the same ratio as the number of turns of 
wire. The E.M.F. can also be increased 
by winding the coil on iron, for the iron 
increases the magnetic flux through the coil 
(§ 377). Fig, 290 is a cross-section of a 
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)il with a large niimbei' of turns of wire wound in grooves' 
ioughed in an iron cylinder. It is called the shuttle arma- 
ire. Such an armature ia very inefficient and not suit- 
)le for large currents. Currents are produced in the 
'lid iron core, as well aa in the insulated wire, and thei 
BBorb energy and heat the iron. It ia used extensivel; 
piagnetoa " for ringing bells on telephone lines. 



1 

wi- 1, 



i"ijiaf 




496. The Commatator. — When it is desired to c 

le alternating currents flowing in the armature into ^1 

Urrent in one direction through the 

sternal circuit, a special device called 

eommittator ia employed. For a aingle 

ail in the armature, the commutator 

ansista of two parts only. It is a split 

ibe with the two halves insulated from 

icli other and from the shaft on which 

ley are mounted (Fig. 291). The two 

ada of the coil are connected with the two halvoa of th^ 

ibe. Two brushes, with which the external circuit i 

lonected, bear on the commutator, and they are so place 

at they exchange contact with the two commutator seg^a 

lents at the same time that the current reverses in thai 

>il. In this way one of the brushes is always positivw 

ad the other negative, and the current flows in the exJ 

irnal circuit from the positive brush back to the negative 

3d thence through the armature to the positive again. 

/ 

497. The Gramme Ring. — The use of a commutator wit} 
.ore than two parts is conveniently illustrated in con^j 
action with the Q-ramme ring. This armature has a core] 
■ade either of iron wire, or of thin disks at right anglesfl 
• the axis of rotation: The iron is divided for the pui 
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|K)8e ot preveiitiug inductioQ curreate in it, which wasts 
energy. The relation o£ the several parts of the macliuie 
is illustrated by Fig. 292. A oumber of coils are wound 
in one direction and are all joined iu series. Each juactios 
between coik is connected with a commutator bur. When 
a coil is in the higliest posi- 
tion in the figure, the maii- 
mum flux passes through it; 
as the ring rotates, the flai 
through the coil decreases, 
and after a quarter of a 
revolution there is no flux 
through it. The current 
through each coil reverses twice during each revolution, 
exactly as in the case of the single loop. No current flows 
entirely round the armature, because the E.M.F. generaWd 
in one coil at any instant is exactly counterbalanced bj 
the E.M.F- generated by the coil opposite. But wheo the 
external circuit connecting the brushes is closed, a current 
flows up on both sides of the armature. The current lias 
then two paths through the armature, and one brush i^ 
constantly positive and the other negative. By increasing 
the number of coils, the potential difference between tlie 
brushes never drops to zero, as it does with a single uoil 
twice during each revolution, but it is kept nearly con- 
stant and at the highest value given hy half the coils i" 
series. The brushes must bear on the commutator neat 
the part of the field where the E.M.F. in any coil pass^ 
through zero and reverses. 

498. The Field-magnet. — In dynamos the magnetic fiel^ 
is produced by a large electromagnet excited by the cat- 
it flowing from the armature, which is led either wholly 
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ir in 
mtire 



in part round the fie Id -magnet cores. When the 
ntire current is carried round the coils of the field- ■ 
biagnet, the dynamo ia said to be terieg wound. When 
^e field-magnet is excited by coils of many turns of 
fine wire connected as a shunt to the external circuit, 
Siie dynamo is said to be shuTii wound. The connections 
ibf the field and external circuit of the two kinds of wind- 
ing are shown in Fig. 293. A combination of these two 
Inethods of exciting the field-magnet is called compound 
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finding. The residual magnetiam remaining in the corefl 
k sufficient to start the machine. The current thus pro- 
laced increases the magnetic flux through the armature 

id so increases the E.M.F. 



499. The Drum Armature. — The modern drum armature 

for direct currents is an evolution from the one-coU shuttle 

iTmature. It is shown at A, Fig. 294, which represents 

parts of a four-pole machine. Fig. 295 is the same 

ihine ready to run. 

In the drum armature the iron core, which is made up 



HlOB SCHOOL PHYSICS. 



t laminated disks, contains a series of grooves, p 
iihe sltaft, and coils are wound in them at equal ang^ 







tb 



These sections 
the armature m 
all be joined i- 
series, and 
junctions bet wee 
them are then coi 
nected with th< 
commutator b»n 
C. as in thfl 



nng. 



there are only V^' 
poles to the 
magnet, there s» 
only two bnisttf 
and two circuit* 
through the ariw- 
tuce. The sa- 
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ae of Fig. 294 has four poles P, four armature circuits^ 
1 four brushes. A four-pole machine may be wound so 
bo require only two brushes. When there are four seta 
crushes, two of them are positive and two are negative ; 

two positives are connected in parallel as the positive 
ninal, and tbe two negatives as the negative terminal, 
th such a winding, divided into numerous sections with. 
responding commutator bars, the current in the exter-i 

circuit is almost perfectly continuous and free from] 
ill fluctuations. 

'00. The Electrio Motor. ^ An electric motor for dir 
rents is exactly like a generator. In fact, any direct 
rent generator may be used as a motor. A study of 

magnetic field across which a current is flowing aids 
atly in understanding both a generator and a motor. 
[. 296 is the mag- 
ic field (shown by 
n filings) distorted ! 
the magnetic iiidti- 
5e of a current in it 
re looped througli 
i two holes between 
like magnetic poles, 
leaelinesof fore. ■ 
clerteDsioD,aTiil . 
'p has therefor, 
^netic stress actint' 

it and tending to turn it counter-clockwise. If thd 
>p is rotated clockwise by mechanical means, it turnm 
iiinst the magnetic torque on it, and work must fc 
ainat the resistance of this magnetic drag. When, there-J 
re, the armature of a dynamo is rotated by mechanical 
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means against the internal ma^etic action between tb^ 
tield and the armature, mechanical power is converte<l 
into electrical energy, and the machine is a generator- 
If, on the other hand, the rotation ia in the direction 
of the magnetic effort between the field and the ann»- 
ture, work is done by the machine as a motor. Witb 
the current through the field and the armature in the 
same direction in both cases, the armature rotates io 
one direction as a generator and in the other directioi^ 
aa a motor ; but if the field be reversed when the machine 
is used as a motor, the armature will turn in the same direc- 
tion as when acting as a generator without reversing tli« 
field. A series-wound machine turns one way as agea- 
erator and the other as a motor ; a shunt-wound machine 
turns in the same direction whether operating as a gener- 
ator or as a motor. 

501. Alternators. — If the brushes of a dynamo hear o^ 
two continuous rings on the shaft instead of on a commU" 
tator, the current in the external circuit will alternate **^ 
reverse every time the armature turns through the ang*"" 
lar distance from one field pole to the next. A complete 
aeries of changes in the current and E.M.F. in both dir^*^' 
tions takes place while the armature is turning the d-**' 
tance from one pole to thS next one of the same nai*** 
This is called a ci/cle. The freguenci/ is the product 
the number of pairs of poles and the number of rotati(F 
per second. In two-pole machines the frequency is tt 
same as the number of rotations per second. Frequenc* 
are now restricted between the limits of about twenty-fi, 
and sixty cycles per second. Multipolar machines sm 
used to avoid excessive speed of rotation. 

Figure 297 is a diagram of an alternator with a stations'^/ 
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Id and a rotating armature. In large machines 1 
nature is generally the stationary member and the fi 
rolvea. The field is 
3ited by a direct current 
ichine. The armature 
-Is are reversed in wind- 
s' from pole to pole ; 
5 J are then all joined in 
■iee, and the terminals 
s brought out to the 
o slip rings at B. The 
:x.shes bearing on these 
f> riugs lead to the ex- 
'zial circuit. 

S02. Transformers. — A transformer is an induction coil 

th a primary of many turns of wire and a secondary o£ 
a smaller number, both 
wound round a divided 
iron core forming a 
closed magnetic circuit ; 
that is, the magnetic 
flux is entirely through 
iron (Fig. 298). A 
transformer is employed 
^^^^ with alternating cur- 

^^K '^'' ""■ rents either to step 

OTm from a high E.M.F. to a low one, or the reverse, 
'he two electromotive forces are directly proportional to 
le number of turns of wire in the two coils. While the 
rimary and the secondary are wound round the same 
on core, they are as perfectly insulated from each other 
The iron serves as a path for the flux of mag- 
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netic induction, and aU the lines of force produced by the 
primary also pass through the secondary, and vice wrw- 
When the secondary la open, the transformer acta simply 
as a " clioke coU " ; the current in the primary is then 
only the very small one required to magnetize the iron 
and to furnish the small amount of energy lost in it, for 
the counter E.M.F. of self-induction is then nearly eijual 
to the impressed E.M.F. When the secondary is closed, 
the energy of the current supplied by it lacks only a few 
per cent of the energy absorbed \>y the primary; tor, 
while the secondary E.M.F. is less than the primary, the 
secondary current is greater in the same ratio. 



XVn. THE ELECTRIC LIGHT. 

^ 503- Electric Lights are of two clasaee, arc and inW- 
descent. The former is produced by a current of a f^ff 
amperes passing across from oW 
carbon rod to another, the higWj 
heated vapor between the two 
rods acting as a conductor. The 
carbon rods are placed in electn- 
Gill connection with the two pol«9 
of a dynamo, and the current iflcs- 
tablished by bringing the carbon 
points together. Upon separation 
they are heated to an exceedingly 
ligh temperature and the current 
continues to pass across throng^ 
the heated vapor. The ends of 
the carbon rods in the open f^ 
'^' are disintegrated, a depression or 

crater forming in the positive (Fig. 299) and a cone on the 




MAGNETISM AND ELECTRICITY. 



gative carbon. Most of the Kght of the open electric arc 
mes from the bottom of the crater, which is the hottest 
rt of the carbon. Sir Humphry Davy, who first produced 
i electric arc light, obtained an arc four inebea in length 
tween two charcoal points. For this purpose he usi 
freat battery of 2000 cells. The porea of the cbareof 
clta had been previously filled with mercury. Despretz, 
th 600 Bunsen cells, obtained an arc 7.8 inches long, 
le arc light may be produced in a vacuum. The intense 
it is not due, therefore, to combustion, but to the con- 
["sion of the energy of the current into heat in the arc. 
le electric arc light may be produced even in water, 
t its brilliancy ia much reduced and the water is rapidly 






504. The Open and the Enclosed Arc. — When the electric ' 
3 ia maintained between rods of hard retort carbon in | 
B open air, the carbon burns away rather rapidly, the J 
isitive about twice aa fast as the negative. The E. M.F.I 
quired is then from 45 to 55 volts for a 10-ampe« 
rrent. Modern arc lamps are mostly " enclosed area " ;fl 
at is, the lower carbon and a part of the upper' j 
,e are enclosed in a small glass globe, which is air- ] 
fht at the bottom, but allows the upper carbon to slip J 
rough a check-valve at the top. Soon after the arc [ 
gina to burn, the oxygen is absorbed and the 
then enclosed in an atmosphere of nitrogen and 1 
rbon monoxide. The enclosed arc is longer than the i 
en arc, and the E.M.F, required is about 80 volts, ] 
lile the current for the aame consumption of energy is 1 
laller than the open arc requires. The_ carbons for T 
e enclosed arc last aboub ten times as long as in the J 
en air. 
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Th« Aro Lamp. — The wasting away of the carbons 
litates some automatic devices to make them ap- 
proach each other. Moat arc !amps 
contaiD one electromagnet for sepa- 
rating the carbons when the current 
is turned on, and a second one to 
moke the upper carbon feed down 
when the arc requires it. Fig. 3O0 
represents one form of enclosed m 
lamp with automatic feed of lis 
upper carbon. Jtf is a lifting miignet 
to start the arc by separating C from 
C in the small inner globe. Tbe 
magnet H has a circular or diak 

If If 11*^1 armature J), to which is attached s 

1 11 Ict ^ ' P'"*'*'^ engaging the rack R. The 

K l\ 1/ ■' '^pper electromagnet is a solenoid 

\ L aie .- containing an iron core, which is 

V,^^^^^,--^ drawn into it by the magnetism in- 
I ! f^ pg duced in the iron. The lower m«gnet 

I has both a series and a shunt wind- 

L ing, and the two are so connected 

Phat they oppose each other magnetically ; that is, tbey 
tiot differentially. The ends of the fine wire winding 
composing the shunt are attached to the two carbon 
holders. When the arc increases in length, the potentiw 
jdifference between the carbons increases and a U^' 
■rent flows through the shunt winding. The magnet- 
due to the series winding, which is connected m 
■ries with the carbons themselves, is then nentrBUW" 
by the effect of the shunt coil. This differential magnet, 
which is quick acting, then releases its armature, and tne 
ipper carbon drops slightly by its own weight. It doM 
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I 

\ .not reach the lower carbon, because the diffecential mag- 

Inet again grips its armature and stops the descent before 

'the arc is extinguished. The upper carbon is thus fed 

idown as needed till the carbon holder touches the check- 

iWalve. 

S06. Incandescent Lamps. — The smaller subdivision of 
the electric light is made by means of carbon tilaments 
'enclosed in exhausted glass bulbs (Fig. 
sol). These small lamps are usually 
jplaced in parallel across from one main 
Iconduetor to the other (Fig. 302). The 
■carbon filaments have a resistance of 
|from 25 to 800 or 900 ohms when hot, 
^according to the voltage used and the 
{candle power of the lamp. On account 
iof this resistance, the current heats the 
ifilament to incandescence. No combustion takes place, 
jtut the carbon gradually deteriorates, is thrown off, and 
[blackens the bulb. The lamp then gives lesa light, and 
I if burned long enough, 

the carbon filament will 
break and interrupt the 
current. 
Pj^ 35J The Nernst incan- 

descent lamp employs 
refractory earth as the luminescent body. This material 
ie not conducting till it is preheated by a special device 
for the purpose. It is then traversed by a current which 
it' to brilliant incandescence. The Nernst lamp 
gives light of an intensity intermediate between a carbon 
filament and an electric arc. Commercial glow lamps 
"take from 2J to 4 watts for each candle power. 



;arbon filaments 

S4 
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XVin. TQE ELECTRIC TELEGRAPH. 
** 507. The Electric Telegraph is a system of transmitting 
meesageH by means of simple signals through the agentj 
of an electric current. Its essential parts are the liru, lie 
trammtter or key, the receiver or sounder, and the batterg. 



508- The Line is an iron or copper wire, insulated from 
the earth cxctpt at its ends, and serving' to connect tlie 
signaling apparatus. The ends of this conductor are 
connected with large metallic plates, or with gas or water 
pipes, buried in the eartli. By tliia means the earth 
becomes a part of the electric circuit containing the 
signaling apparatus. 

509. The Transmitter or Key 
(Fig. 303) is merely a current 
interrupter, and usually consisto 
of a brass lever A, turning abo^* 
pivots at £. It is connected 
with the line by the screws ^ 
nd D. When the lever is pressed down, a platini>^ 
>oint projecting under the lever is brouglit in cont^ 
rith another platinum 
Kpoint a, thus closing 
e circuit. When not 
use, the circuit is 
^ left closed, the switch 
F being used for that 
purpose. 




i 



^ 




The Receiver or 
Sounder (Fig. 304) consists of an electromagnet A with 
voted armature £. When the circuit is closed throng" 
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the terminals D and E, the armature is attracted to the 
magnet, producing a sharp click. When the circuit ia 
broken, a spring C causes the lever to rise and strike the 
back stop with a lighter click, 

511. The Belay. — When the resistance of the line ia 

large, the current is not likely to be strong enough to opet 
Ebte the sounder 
With sufficient 
energy to ren- 
tier the signals 
tiistinctly audi- 
ble. To remedy 
this defect, an 
slectromagnet, 

Sailed a relay (Fig. 305), whose helix A is composed ( 
aiany turns of fine wire, is placed in the circuit by means 
>f its terminals C and D. As its armature H moves to 
knd fro between the points at K, it opens and closes a 
lecond and shorter circuit through E and F, in which the 
Bounder is placed. Thua the weak current, through the 
fcgency of the relay, brings into action a current strong 
rligh to do the necessary work. 




snotig: 
-^512. 



■^512. The Battery consists of a large number of cells, 
:asually of the gravity type, connected in series. (Why?) 
tt is generally divided into two sections, one placed at 
Sach terminal station, these sections being connected in 
Beries through the line. The principal circuits of the 
^eat telegraph companies are now worked by means of 
Surrents from dynamo machines. 

513. The Signals are a series of sharp and light clicks 
•«parated by intervals of silence of greater or less duiatvan-, 
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' short interval between the clicks being known as a 
" dot," and a long one as a " dash." Bj a combination oE 
"dots" and "dashes" letters are represented and words 
are spelled out. 

514. Tlie Telegraph SyEtem described in the preceding 
sctiona is known as Morse's, from its inventor. Fig. 
306 illustrates diagrammatically CIm 
instruments necessary for one te^ 
minal station, together with the 
mode of connection. The arrange- 
ment at the other end of the line is 
an exact duplicate of this one, the 
two sections of the battery being 
placed in the line, so that the negative 
pole of one aud the positive of the 
other are connected with the earth. 
At intermediate stations the reloy 
and the local circuit are connected 
with the line in the same manner aa 
at a terminal station. - 



515. The Electric Bell (Fig. 307) 
is used for sending signals as distin- 
guished from messages. Besides the 
gong, it contains an electromagnet, 
having one terminal connected di- 
rectly with a binding-post, and the 
other, through a light spring attached 
to the armature (shown on the left 
of the figure) and a contact screw, 
with another binding post. One end 
of the armature is supported by a 
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i>ut spring, or on pivots, and the other carries the been 
m and hammer to strike the bell. Included in the cir- 
lit are a battery and a push-button B, show n in eection] 

Fig. 308. 

When the springs S are brought into contact by I 
iBhing B, the circuit is closed, the electro 
lignet attracts the armature, and the hammer 
tikes the gong. The movement of the arma- 
;re opens the circuit by breaking contact 
ftween the spring and the point of the screw , 
e armature is then released, the retractile 
iring at the bottom carries it back, and con- 
et is again established between the spring 
id the screw. The whole operation is re- 
lated automatically as long as the circuit is kept closed J 

the push-button. 



XIX. WIRELESS TELEGRAPHY. 

•816. Electric Waves, — .The fundamental discovery which I 
L8 led to telegraphy through apace without the use of! 
ires was made by Hertz in 1887-88. Joseph Henry 1 
jBcovered long ago that the discharge of a Leyder 

oscillatory (§426), Later it was found that the spark I 
bcharge of an induction coil is likewise oscillatory. 1 
ettz discovered that this oscillatory spark gives rise ta 1 
BOtromagnetic waves in the ether, which appear to bei 
te same as waves of light, except that they are veryJ 
neh longer, or of lower frequency. They travel iaf 
raight lines, and are reflected and refracted in accord-T 
lee with the same laws as light. 

Evidence of these waves may be readily obtained byfl 
tting up an induction coil, with two sheets of tin-foill 
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on glaaB, Q aud Q', connected with the secondary ter- 
mmala, and with two discharge balls, F and I", as shown 
in Fig. 30y. Tlie receiving apparatus should be tuned bo 
as to have the saiue period of osclUatiou as this tram- 
mitter ; but even without this, so simple a device as t 
large picture-frame with a conducting gilt border, may b« 
used to detect electric waves in the ueighborhood of thl 
induction coil. If the frame has shrunken so as toleaTB 
very narrow gaps in the mitre at the corners, then minuta 
■parks may be seen, in a dark room, breaking across 




^^^■gaps when the iitduction coil produces vivid sparks 
^^B between the polished balls, F and J". The plane of the 
^^^Kframe should be held parallel with the sheets of tin-foil- 
^^^B'The passage of electromagnetic waves through a ood- 
^^^■, due ting circuit produces electric oscillations in it, viu 
^^K^ these oscillations cause electric surges across a miimtfl ^^ 
f gap. An apparatus tuned to the same frequency as the 

I transmitter or oscillator is called a receiver or resonsWr. 

517. The Coherer. — A very sensitive device for tbe de- 
tection of electromagnetic waves was discovered by Branny* 
He found that when metallic ftlings are placed looselj 
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i^etweeQ solid electrodes iu a glass tube they offer a high 
jttustaQce to the passage of an electric current ; but when 
IIBctric oscillationa are produced in the neighborhood of 
he tube, the resistance of the fihngs falls to so small a 
Talue that a single voltaic cell sends through them a cur- 
rent strong enough to work a relay (§ 511), The tube 
containing the metallic filings is called a coherer. It is 
shown at in Fig. 310. If the tube is slightly jarred, the 
filings resume their state of high resiatance. A slight dis- 
charge from the cover of an electrophorus (§ 413) through 




the filings lowers the resistance just as electric oscillations 
do. It is thought that minute sparks between the filings 
pgxtially weld them together and make them conducting, 

518. Keceiver for Electroma^etic Waves. — The trans- 
naitter of electric o-scillations for laboratory experiments 
is represented by the apparatus of Fig. 309. The receiver 
M somewhat more complicated, but the different parts and 
•ieir connection may be easily made out with the help of 
*^g. 310. The metallic plates, P and P', are duplicates of 
"lose belonging with the transmitter. The two balls, £ 
*Qd £', are connected both with the plates and with the 
^ds of the coherer 0. A circuit is formed includiu^ ttia 
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• voltaic cell (sliown on the right), the coherer, aa 
wire coil Ji of the relay through the binding poato, S 
and B'. Another circuit is formed througli the conlad 
points of the relay, the voltaic cell at the left, and Ik 
vibrating electric bell. The bell is so placed that tb 
ball or hammer strikes the coherer when the bell rings. 
The transmitter and receiver may then be placed at somt 
diMtanee apart, with the metallic plates parallel to eacb 
other. When the key IC of the transmitter is firmly 
pressed for a moment, a. spark passes across the gap 
between the balls ; at the same instant the coherer 
allows a current to pass tlirough, and this current oper- 
ates the relay and closes the circuit through the electric 
bell. The blow of the bell hammer on the coherer restore! 
it to its sensitive condition of high resistance, ready tor 
the reception of another short succession of electric waTM. 

'^ 519. Karconi'B System. — Marconi, who has succeeded in 
sending messages without wires over very long distances, 
employs a powerful induction coil in connection witb liis 
transmitter, and a coherer as the sensitive detector of 
electric waves. One terminal of the induction coil is 
connected with the earth, and the other with a wire run- 
ning up a tall mast and ending in a ball or a plate of metal. 
The receiver differs from Fig. 310 in the same way as tlie 
transmitter differs from Fig. 309. Another tall mast sup- 
ports a wire ending in a ball or a plate. The lower end 
of the wire is connected wdth one end of the coherer; the 
other end of the coherer goes to earth. Instead of an 
electric beU is a sounder <;§ 510). Auxiliary devices arfl 
used which cannot be described here. Ships fitted with 
Marconi's system communicate successfully when ?d* 
hundred fifty miles or more apart at sea. 
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THE TELEPHONE AND THE MICROPHONE. 




20. The Telephone (Fig. 311) consists of a permanent 
^net 0, one end of which is surrounded by a coil of 
ny turns of fine copper wire 6, whose 
Is are connected with the binding-posts 
nd t. At right angles to the magnet, 
I not quite touching the pole within the 
[ IB an elastic diaphragm or disk a of 
t sheet-iron, kept in place by the conical 
iithpiece d. If the instrument is placed 
an electric circuit whfin tlie current la 
iteady, or alternating in direction, the 
^netic field due to the helix, when corn- 
ed with that due to the magnet, altera 
jrmittently the number of liiiea of force 
ieh branch out from the pole, thus varying the attraction 
the magnet for the disk. The result is that the disk 
■ates in exact keeping with the changes in the curreolMg 



21. The Microphone is a device for varying an electiiq 
rent by means of a variable resistance in the circuit^ 
One of ita aimplest form 
ia shown in Fig. 312. In 
consists of a rod of gaflJ 
carbon A, whose taperlngh 
ends rest loosely in conice 
depressions made in blocfe 
C, C, of the same materia] 
attached to a soundings 
board. These blocks art 
placed in circuit with I 
battery and a telephone* 
Beans of the wires X and T. VVhile the current i 
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liaaaing, the least motioD of the soonding-board, caiued 
either bj soud<1 wares or bv anr other means, moTes tha 
IrxMte carbon j^ncil and varies the pressuze between ita 
eiidfi and the supjKirting bars. A slight increase of pleas- 
ure between two conductors resting loosely one on tbe 
other Iciwens the resistance of the contact, and conrenely. 
Hence the vilirations of the sounding-board cause nri' 
ationH ill the pressure at the points of contact of the car- 
bons, and coiiser[uently make corresponding fluctnattons 
in the current and vibrations of the telephone disk. 

522. The Solid Back Transmitter. — The varying n- 
.distance of carbon under varying pressure makes it ft 
valuable a&- 




^e- "'■ used for lo* 

diwttiiKie work is tlie "solid biiek" transmitter (Fig. 813 ''' 



The figure shows only tlie 



lential parts in section, niin* 



details bdng omitted. Mis the mouthpiece, and ^ and 
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the front and back parts of the metal case, Tlie alunii- 
nam diaphragm J) is held around its edge by a soft rub- 
ber ring. The metal block W has a recess in front to 
receive the carbon electrodes A and B. Between them 
ore the carbon granules. The block £ is attached to the 
diaphragm and is insulated from W except through the 
carton granules. The transmitter is placed in circuit by 
til© wires connected to W and _ff. 

I'rovision is made for an e:lnstic motion of the diaphragm 
*nci the block £. Sound waves striking the diaphragm 
ca-xase a varying pressure between the plates and tlie car- 
oc>j:i granules. This varying pressure varies the resiatauce 
oBE"«red by the granules and so varies the current. The 
t^^fc-nsmitter is in circuit in the line with the primary of a 
all induction coil, the secondary being in a local circuit 
'*^*'th the telephone receiver. The induced currents in 
tfc*-^ secondary have all the peculiarities of the primary 
'5** Trent; and when tliey pass through a receiver, it 
t^Bponds and reproduces sound waves similar to those 
*^hicb disturb the disk of the transmitter. 

523. Common Battery Ualtiple Switoh-Board. — Figure 314 
shows the essentiala of a common battery or central en- 
ergy switch-hoard, together with two subscribers' stations. 
Assume station 1 at tlie left as that of the calling sub- 
scriber. When not in use the receiver Ji hangs on the 
hook, which serves as a switch, and the circuit from the 
central office ia open on account of the condenser C; but 
when the receiver is lifted from the hook, the circuit of 
the line is closed through the talking apparatus T. In 
practice the receiver is in the secondary circuit of a 
small induction coil (§ 522). and this circuit is connected • 
as a shunt to the condenser C. 
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At the central office the two sides of the subscribers' 
line pass to the tip and ring contact springs of each 
*'*' multiple jack," only two of which are shown at J, /. 
The talking circuit is drawn in heavy lines. 

Suppose now the calling subscriber at station 1 remoTCS 
his receiver from the hook. The hook rises and closes 



-<x>->. 




Fig. 314. 

tli(3 line circuit through the armatures of the cut-off rel^ 
CR^ the battery B and the line signal lamp JjL. T^ 
lighting of this miniature lamp notifies the operator ' 
tlie central office that the subscriber at station 1 is sigr^^ 
ling. The operator accordingly inserts the plug -P i^ 
the jack -/, thus completing the talking circuit of the c^ 
ing subscriber through the repeating coil JRC and ^ 
battery jB' at the central office. At the same time ^ 
ring on the jack at J" completes another circuit (shown, 
light lines) from the ground Gr' through the battery 
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relay C[B, and thence to the ground Cr. When the 
ly draws up its armatures, the line circuit through the 
lal lamp LL is opened and the lamp is extinguished. 
3 central operator then closes the listening key at Li 
. asks through the repeating coils RC for the number 
ired. Having obtained it, she inserts the plug in the 
£ «7' of the called subscriber and makes contact with 

ringing circuit RL The alternating current used 
js the bell I at station 2 through the condenser (7. 
3 two talking circuits are then complete as shown by 
heavy lines, the plugs with the three- wire cords being 
:he corresponding jacks. 

U soon as the calling subscriber hangs up the receiver, 
opens the line. Current ceases to flow through the 
i-y SR. The object of this relay is to close a shunt 
and the supervisory lamp SL to prevent its lighting. 
; as soon as the subscriber opens the line, relay SR 
ases its armature, the shunt around the lamp is 
aed, and the lamp SL lights. This is the operator's 
lal to withdraw the plug from the jack. The with- 
wal of the plug opens the circuit through the super- 
>ry lamp. The operation on the side of the called 
acriber is the same. 




L GEOMETRICAL CONST BDCTIONS. 

The principal instrmnents required for the accurate oon- 

tructiOQ of diagrams on paper are the compasses and the 

uler. For the construction of angles of any definite size the 

rotractor (Pig- 

15) can be used. 

Jhere are, how- 

y-er, a number of 
igles, aa 90°, 60°, 
id those which 
a be obtained 

Poiu these by bi- 

acting them and ' 

Oinbining their '■'g-iis- 

arta, that can be ronatructed by the compaaaes and ruler alone. 

L convenient instrument for the rapid construction of the 
angles, 90°, 60°, and SO", ia 
a triangle made of wood, 
horn, hard rubber, or card- 
board, whose angles are 
these respectively. Such 
a triangle may be easily 
made from a postal card 
as follows : Lay off on the 
short side of the card (Fig. 
31 fi) a distance a little less 

ban the width, as AB. Separate the points of the compasses 

. distance eqnal to twice this distance. Place one point of the 

Ompasses at B, and draw an arc cutting the adjacent side at 0. 
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Cut the card into two parts along the straight line BC. The 
part ABC will be a right-angled triangle, having the longest 
side twice as long as the shortest side, with the larger acute 

angle 60^ and the 
smaller 30^ With 
this triangle and a 
•w^ ip^ straight edge the 

majority of the con- 
structions required 
in elementary phys- 
ics can be made. 

Pbob.1. — Toconr 
struct an angle of9(f» 

__. Let A be the vet- 



< 



>< 



ft! 






D 



A 
FIf . 317. 



E 



^ tex of the required 
angle (Fig. 317^' 
Through A draw the straight line BC, Measure off AD^ ac^3 
convenient distance ; also make AE = AD. With a pair ^^ 
compasses, using Z> as a centre, and a radius longer than 
draw the arc mn ; with ^ as a cen- 
tre and the same radius, draw the 
arc rs, intersecting mn at F. Join 
A and F, The angles at A are right 
angles. ^^^ 



pROB. 2. — To construct an angle 
of 60\ 

Let A be the vertex of the re- 
quired angle (Fig. 318) , and AB one 
of the sides. On AB take some 
convenient distance as AC. With 
a pair of compasses, using ^ as a centre and AC as a radiu^ 
draw the arc CD. With C as a centre and the same radius, 6n^=^ 
the arc mn, intersecting CD at E. Through A and -E7 draw th« 
straight line AE ; this line will make an angle of 60** with 
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Fbob. 3. — To bisect an angle . 

Let BAG be an angle that it is required to bisect (Fig. 319). 
teasure off on the sides of the 
IE. With D and E as centres 
ind-with the same radius, draw 
he arcs mn and rs, intersecting 
,t F. Draw AF. Tliis line 
rill bisect the angle BAG. 



ngle equal distances, AD and 




Pbob. 4, — To make 
qwd to a given arigle. 

Let BAG be a given 
: is required to make a 
ngle equal to it (Fig. 320). 

•raw D£:, one side of the required angle. With ^ as a cei 
« and any convenient radius, draw the arc 7nn across the given 
igle. With D as a centre and the same radius, draw the 
e rs. With < as a centre and a radius equal to the chord of 




*, draw the arc op, cutting rs at G. Throngh D and G 
a.w the line DF. This line will form with DE the required 
gle, as FDE. 



- To draw a line titrough a point parallel Co i 



I'rob. 5. 

tfen line. 

let A be the point through which it is required to draw 
line parallel to BO (Fig. 3215. Through A draw ED, 
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cutting BC at 2>. At A make the angle EA& equal to EDO. 
Then AG or FG is parallel to BC. 




Fig. 321. 



Pbob. 6. — Given two adjacent sides of a parallelogram to com- 
plete the figure. 

Let AB and AC be two adjacent sides of the parallelogram 
(Fig. 322). With (7 as a centre and a radius equal to AB^ 




Fig. 322. 



draw tho arc mn. With B as a centre and a radius equal to 
AC^ draw tho arc rs, cutting mn at D. Draw CD and BD. 
Then ABDC is the required parallelogram. 



DIAGRAMS OF METRIC MXA8URS. 
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1 2 3.4 




1 1 1 1 1 1 1 1 1 III 1 II II II II 



4 inche& 



3 



6 



8 



9 



10 



1 decimetre = 10 oentimetreB = 100 millimetxes. 



1 sq. decim. = 16.6 sq. in. 
1 sq. in. = 6.46 sq. cm. 



A cube of water at 4? C, one of whose faces is this square, 
has a mass of one kilogramme. The volume is a litre. A 
cube of water at 4° C, with each of its faces one sq. cm., 
has a mass of one gramme. A cubic inch of water at 4° C. 
has a mass of 0.03611 lb. or 0.68 oz. 



Isq.in. 
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m. CONVERSION TABLES. 

1. Length. 

To reduce Multiply by To reduce 

MUestokm 1.00035 Kilometres to mi. 

Miles to m 1609.347 Metres to mL . 

Yards to m 0.91440 Metres to yds. . 

Feet to m 0.30480 Metres to ft . . 

Inches to cm 2.64000 Centimetres to in. 

Inches to mm 25.40006 Millimetres to in. 



Multiply br 
0.62137 
0.0006214 
1.09361 



0.30370 
0.03987 



2. Surface. 

To reduce Multiply by To reduce Mnlt^lybj 

Sq. yards to m.2 ... 0.83613 Sq. metres to sq. yds. . 1.19699 

Sq. feet to m.^ . . . . 0.09290 Sq. metres to sq. ft. . . 10.76387 

Sq. inches to cm.* . . . 6.46163 Sq. centimetres to sq. in. . 0.16600 

Sq. inches to mm.* . 646.163 Sq. millimetres to sq. in. . 0.00166 





3. Vo 


LUME. 




To reduce 


Multiply by 


To reduce 


Multiply ^y 


Cu. yards to m.* . . . 


0.76456 


Cu. metres to cu. yds. 


. 1.30802 


Cu. feet to ni.8 . . . . 


0.02832 


Cu. metres to cu. ft. . 
Cu. centimetres to cu. in 


35.31661 


Cu. inches to cm.^ . . . 


16.38716 


. 0.06102 


Cu. feet to litres . . . 


28.31701 


Litres to cu. ft. . . . 


. 0.03632 


Cu. inches to litres 


0.01639 


Litres to cu. in. . . . 


. 61.02337 


Gallons to litres . . . 


. 3.78543 


Litres to gallons . . 


. 0.26417 


Pounds of water to litres 


. 0.45359 


Litres of water to lbs. . 


. 2.20462 




4. Weight. 




To reduce 


Multiply by 


To reduce 


Multiply by 


Tons to kgm. . . . < 


007.18486 


Kilogrammes to tons . 


. 0.001102 


Pounds to kgm. . . . 


0.45359 


Kilogrammes to lbs. . 


. 2.20462 


Ounces to gm. . . . 


28. .34953 


Grammes to oz. . . . 


. 0.03527 


Grains to gm. . . . 


0.064799 


Grammes to grains 


15.43236 
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6. Force, Wobk, Activity, Pressube. 

Multiply by To reduce Multiply by 

ht to dynes, 444520.68 Dynes to lbs.-weight, 22496 x 10-w 

kgm.-m. . . 0.138265 Kgm.-m. to ft. -lbs. . . . 7.233 

. ergs . . . 13649 x 10« Ergs to ft. -lbs. . . .0.7381 x 10-^ 

> joules . . . 1.3649 Joules to ft. -lbs. . . . 0.7381 

r sec. to H.P. 18182 x 10-^ H.P. to ft.-lbs. per sec. . 550 

atts .... 746.196 Watts to H.P 0.001342 

sq. ft. to kgm. Kgm. per m.^ to lbs. per 

• 4.8824 sq. ft. 0.2048 

sq. in. to gm. Gm. per cm.^ to lbs. per 

2 70.3068 sq. in 0.01422 

calculated for g = 980 cm., or 32.15 ft per sec. per sec. 



6. Miscellaneous. 

Multiply by To reduce Multiply by 

3,ter to U.S. gal. 0.11983 U.S. gal. to lbs. of water, 8.845 

U.S. gal. . . 7.48062 U.S. gal to cu. ft. . . . 0.13368 

ater to cu. ft. at Cu. ft of water at 4° C. 

0.01602 to lbs 62.426 

U.S. gal. . . 0.004329 U.S. gal. to cu. in. . . 231 

Tes to lbs. per Lbs. per sq. in. to atmos- 

14.69640 pheres 0.06787 

jres to gm. per Gm. per cm.^ to atmos- 

1033.296 pheres 0.000968 

es F. to calories, 262 Calories to lb. -degrees F. 0.003968 

3 joules . . . 4.18936 Joules to calories . . . 0.2387 

hour to ft. per Ft. per sec. to miles per 

1.46667 hour 0.68182 

hour to cm. per Cm. per sec. to miles per 
44.704 hour 0.02237 
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Vr. MENSURATION BULE& 



Area of triangle 
Area of triangle 
Area of parallelogram 
Area of trapezoid 
Circumference of circle 

Diameter of circle 

Area of circle 

Area of ellipse 
Area of regular polygon 
Lateral surface of cylinder 
Volume of cylinder 

Surface of sphere 

Volume of sphere 

Surface of pyramid "i 
Surface of cone ^ 
Volume of cone 



i (base X altitude). 

Vs(s — a) (« — 6) (9 — c) where «= J (a+6+ 

base X altitude. 

; altitude x } sum of i>aiallel sides. 
: diameter x 3.1416. 

J circumference -*• 3.1416. 

^ circumference x 0.3183. 

f diameter squared x 0.7854. 

^ radius squared x 3.1416. 
; product of diameters x 0.7854. 
: ^ (sum of sides x apothem). 

circumference of base x altitude. 
= area of base x altitude. 
__ ( diameter x circumference. 

^4 X 3.1416 x square of radius. 

f diameter cubed x 0.6236. 

\ J of radius cubed x 3.1416. 

= J (circumference of base x slant height). 
= \ (area of base x altitude). 



^^ 
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TH 


V. TABLE OF DENSITIES. 


■ 


B follo'ffing tAble glv 


ea the mass in grammes ot 1 cm.' 


of the sub- ^M 




2.616 


Hnmanbody .... 


0.890 ^H 


It 0= C. and 76 cm. 




Hydrogen, at 0° C. anc 


^^H 


sure 


0.00120 


78 cm. preBBQre . . 


0.0000800 11 


ol, ethjl, 90%, 20" C. 


0.818 


Ice 


0.917 


ol, methyl .... 


0.814 


Iceland spar .... 


2.728 


, aommiOD .... 


1.724 


India-xubber .... 


(ifan ^^ 


Innm, wrought . . 


2.870 


Iron, white caat . . . 


7.656 ^M 


lony, cast .... 


6.720 


Iron, wrought .... 


7.806 ^M 


rn 


0.064 


Ivory 


1.820 ^M 


ith, OMt .... 


9.823 


Lead, caat 


11.360 ^H 


, cast 


8.100 


Magnesium 


1.760 ^M 


, hard drawn . . . 


8.700 


Marble 


2.720 ^H 


i», gM 


1.89 


Mercury, at 0" C. . . 


13.506 ^H 


odiBolphide . . . 


1.293 


Mercury, at 20° C. . . 


13.658 ^M 


oal 


l.fl 


Milk 


i.a<t2 ^H 


aothiadte . .1.26 


1.800 


Nitrogen, at 0" C. and 


■ 




o 1.423 


76 cm. pressure . . 


0.001256 ^H 




8.830 


Oil, olive 


^H 










0.14 


X)0.24 


cm. pressure . . . 


0.00143 ^1 


Md 


3.530 


ParafSn . . . 0.824 


^0.940 


r 


1.187 


Platinum 


21.581 


T 


8.900 


Potaaaium .... 


0.885 




0.736 


Silver, wrought . . 


lo.fin ^1 


a, 


7.580 


Sodium 


^^1 












Sulphuric Acid . . 
Sulphur 


^H 


flint ... 3.0 


3.600 


2.033 ^H 


plate 


2.760 


Sugar, cane . . . 


1.593 ^^H 


rine 


1.200 


Tin, cast .... 


7.200 ^H 




10.360 


Water, at 0' C. . . 


0.900 ^M 


te 


2.860 


Water, at 20= C. . . 


0.008 ^H 


lite 


2.500 


Water, sea ... . 


1.027 ^H 
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VL TABLE OF NATUBAL SINES AND TANGENT^- 



Angle. 


Sine. 


Tangent. 


Angle. 


Sine. 


Tangent. 


Angle. 


Sine. 





0.000 


0.000 


31 


0.615 


0.601 


62 


0.883 


1 


0.017 


0.017 


32 


0.630 


0.625 


63 


0.891 


2 


0.035 


0.036 


33 


0.546 


0.649 


64 


0.899 


3 


0.052 


0.052 


34 


0.669 


0.676 


65 


0.906 


4 


0.070 


0.070 


36 


0.674 


0.700 


66 


0.914 


6 


0.087 


0.087 


36 


0.688 


0.727 


67 


0.921 


6 


0.106 


0.106 


37 


0.602 


0.764 


68 


0.927 


7 


0.122 


0.123 


38 


0.616 


0.781 


69 


0.934 


8 


0.139 


0.141 


39 


0.629 


0.810 


70 


0.940 


9 


0.166 


0.168 


40 


0.643 


0.839 


71 


0.946 


10 


0.174 


0.176 


41 


0.666 


0.869 


72 


0.961 


11 


0.191 


0.194 


42 


0.669 


0.900 


73 


0.966 


12 


0.208 


0.213 


43 


0.682 


0.933 


74 


0.961 


13 


0.226 


0.231 


44 


0.696 


0.966 


75 


0.966 


14 


0.242 


0.249 


46 


0.707 


1.000 


76 


0.970 


16 


0.259 


0.268 


46 


0.719 


1.036 


77 


0.974 


16 


0.276 


0.287 


47 


0.731 


1.072 


78 


0.978 


17 


0.292 


0.306 


48 


0.743 


1.111 


79 


0.982 


18 


0.309 


0.325 


49 


0.765 


1.160 


80 


0.986 


19 


0.326 


0.344 


60 


0.766 


1.192 


81 


0.988 


20 


0.342 


0.364 


51 


0.777 


1.236 


82 


0.990 


21 


0.358 


0.384 


62 


0.788 


1.280 


83 


0.993 


22 


0.375 


0.404 


63 


0.799 


1.327 


84 


0.996 


23 


0.391 


0.424 


54 


0.809 


1.376 


86 


0.996 


24 


0.407 


0.445 


56 


0.819 


1.428 


86 


0.998 


25 


0.423 


0.466 


56 


0.829 


1.483 


87 


0.999 


26 


0.438 


0.488 


57 


0.839 


1.640 


88 


0.999 


27 


0.454 


0.510 


58 


0.848 


1.600 


89 


1.000 


28 


0.469 


0.532 


59 


0.857 


1.664 


90 


1.000 


29 


0.485 


0.554 


60 


0.866 


1.732 






30 


0.500 


0.577 


61 


0.876 


1.804 







1.881 

1.983 

5.050 

5.145 

5J246 

^.856 

^.476 

:^.006 

^.747 

^M 
.^.078 

.487 

.732 

.Oil 

.331 

.101 

.Ui 

.67 

.31- 

Mi 

144 

514 



d 



7 

8 

9. 

11.^^ 
14. 

i9.c:^^ 

28.^^ 

67.2^ 
Inanity. 



^^^^^^^^B^^^^^^^^^^^^^^^^^^^H 


W ^^H 


W Ifumbert refer to paget. ^^H 


iHon, chromfttic, 231 ; apher- 


Antinodee, ITS. ^H 


S09, S2U, 


Arc, enclosed, 401 ; lamp, 403 ; 


ate scale of temperature. 


open, 401. 


iinitB of force, 36. 


Archimedes, principle of. 113. 


ption, ITi of beat, 202; 


Armature, 35S, 391 ; drum, 39S ; 


itive, 2W ; apectra, 236. 


abutUe, 362. ^1 


:r»ted motion, 25. 


Astronomy, 2. ^H 


snition, 26 ; centripetal, 61 ; 




to gravity, 48. 


Atmoa.phere, a unit of pressiire, ^ 


made lena, 232. 


123. ' 


tic telephone, 150. 


Atmospheric electricity, 334. 


I of points, 320. 


Attraction, electrical. 312 ; ma^ 


ty,73. 


netio, 304 ; molecnUr, 14. 


lion, 13. 


Atwood'B machine, 67. 


ompressibilitf of, S7 ; prea- 


Audibility. limits of, 167. 


ot, 123 ; weight, 122. 


Aurora, 336. 


lurans, lawa of, 176. 




imp, 127 ; eiperimenla with, 


Bacchus esperimenl, 128. 






«tar, sea. 


Balloons, 130. 


de hy barometer, 126; hy 


Barometer, naes of, 126 ; TariatloM 


Jig point, 280. 


of, 125. 


sler, 368, 372. 


Baroscope, 130, 


re, 364. 


Battery, plunge, 317 ; secondary or 


itude, 86, U2j effect on 


storage. 353. 


id. 181. 


Beam of light, 100. 


lis of tight 230; of sound, 


Beats, 185. 




Belt, electrlo, 406; vlbraUoD of, 


of repose, P2. 


18B. 


ding, 17. 


Black, 239. 


!, 338, 350. 


Bladder-glass, 128. 
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Blind spot, 251. 

Body, 1 ; yibrating, 140. 

Boiling, 278. 

Boiling point, of liquids, 279 ; on 

thermometer, 266. 
Boyle* t law, 136; inexactness of, 

138. , 
Bright-lined spectra, 236. 
Brush discharge, 334. 
Bunsen cell, 346. 

Buoyancy, 113 ; of air, 130 ; centre 
.of, 116. 

Caloric, 276. 

Calorie, 270. 

Camera, photographer*s, 249. 

Capacity, dielectric, 325; electro- 
static, 323. 

Capillarity, 101 ; explanation of, 
102 ; laws of, 101. 

Capstan, 86. 

Carhart-Clark cell, 366. 

Cartesian diver, 115. 

Cathode, 338, 350. 

Caustic, 210. 

Cell, voltaic, 337 ; electrochemical, 
chemical action in, 338. 

Centre of gravity, 49 ; of inertia, 
50 ; of mass, 50 ; of oscillation, 
67 ; of percussion, 67 ; of suspen- 
sion, 67. 

Centrifugal force, 60 ; illustrations 
of, 62 ; its measure, 62. 

Centripetal force, 60. 

Charge, residual, 327. 

Charles, law of, 264. 

Chemical effects of electric cur- 
rent, 349 ; equivalents, 352. 

Chemistry, 2. 

Chladni's figures, 185. 

Chord, major, 168 ; minor, 168. 

Chromatic aberration, 23A. 



Chromic acid cell, 846. 

Circuit, closing and opening, 
divided, 373 ; electric, 338. 

Circular motion, 60. 

Cleavage, 16, 

Coefficient of elasticity, 12. 

Coherer, 408. 

Cohesion, 13 ; affected by dis- 
tance, 14. 

Coil, induction, 383 ; primary, 380; 
secondary, 380. 

Cold by evaporation, 281. 

Color, 238 ; complementaiy, 242 ; 
mixing, 240 ; of opaque bodies, 
239 ; of transparent bodies, 240. 

Commutator, 893. 

Composition of forces, 35 ; of har- 
monic motions, 146 ; of veloc- 
ities, 38 

Compressibility of gases, 97; of 
liquids, 97. 

Compressional wave, 145. 

Compressor, air, 131. 

Concave lens, 221; mirror, 203; 
focus of, 204, 223 ; conjugate 
foci, 224. 

Condenser, 324, 385. 

Conduction of heat, 286 ; of elec- 
trification, 316. 

Conductivity, electrical, 362. 

Conductor, electrical, 316 ; charge 
on outside, 319. 

Conservation of energy, 77. 

Consonant notes, 183. 

Convection, 286, 288. 

Convex lens, 221 ; mirror, 203 ; 
focus of, 205, 223. 

Cooling, law of, 292. 

Coulomb^ 8 law, 322. 

Couple, 40. 

Critical angle, 219. 

Crooket tubes, 388. 



CiyttaUizmtion, 16. ! 

durent, electric, 837 j chemical ! 
effects of, 34Q ; delecUon of, 341 ; I 
faealJug eSecls o(, 348 ; induced 
by current, 380 ; induced by 
magnet, 3TS ; maginetic eSecta of, 
364; mutual action of, 860; 
strength of, 340, 3W. 
^Durvilinear motion, HO. 

■XJanlell cell, 344. 
3}eclination, 312. 
Xiea*ity, 116 ; of a liquid, US; of 
a solid, IIT. 

Deviation, angle of, 217. 

Dew point, 282. 
^Jiamagnetic, 302. 
^Diaphragm, 220, 

I^DiathernianouB, 204. 
^^Diatonic Ecale, 168. 
3>ielectric, 324. 
Uliflr action, 244. 
'Sifiiision, IS. 

nenaions, 5; measurement of, 0, 
^Sipping nti'dlc, 311. 
njischarge, brush, 334 ; oBclllntury, 



SiBcord, 1 



, 230; by globe of w 



Dissonant notes, 183. 

Distance, effect on sound, 102. 

DietiUatioD, 281. 

Drum armature, 305. 

DuctUlty, IS. 

Dynamo, 301 ; compomid, 805} 

series, 306 ; shunt, 305. 
Dyne, 31. 

Earth, a magnet, 310. 
Bar trumpet, 164. 
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Ebullition, laws of. 270, 

Echoes, 154. 

Efficiency, 82. 

Effusion, 10. 

Elasticity. 11 ; coeQlcieii 
limit of, 11 ; of form 
yoiume, 11. 

Electric bell, 406 ; bnish, 334 ; eir- 
ouil, 338 ; current, 337 ; current 
detected, 341 ; light, 400 ; motor, 
307 ; telegrapb, 404 ; waves, 407. 

Electrical attraction, 312; disUi- 
bution, 319 ; machines, 328 ; po- 
tential, 821 ; repulsion, 313 ; 
resistance, 362. 

Electrification, 313; atmospheric. 
335 ; by induction, 317 ; kinds 
of, 314 ; nature of, 317 ; simul- 
taneous development of both 
kinds, 316; unit of, 821. 

Electrode, 338, 350. 

Electrolysis, 340 ; laws ol, 3G1 ; of 
copper sulpliBte, 350 ; of water, 
3.'->l. 

Electrolyte. 338. 

Electromagnet, 357. 

Electromotive force, 340, 365 ; in- 
duci'd by magnets, 378. 

Elecirophorus, 328, 

Electroplating, 352. 

Electioacope, 314 ; charging by 
induction, 310. 

Electrostatic action, first law of, 
314 ; capacity, 323. 

Electrotyping, 353. 

Element, voltaic, 388. 

Energy, 2, 74 ; conservation oi, 
77; kinetic, 75 ; lost in friction, 
03 ; measure of, 75 ; potential, 74 ; 
transformation of, 76. 

Engine, gas, 200 ; steam, 297. 

English systeD 



430 



INDEX. 



Bquilibrium, 50 ; kinds of, ^1 ; of 
floating bodies, 116. 

Erg, 72. 

Ether, 188. 

Evaporation, laws of, 278. 

Expansion, coefficient of, 263 ; 
force of, 266 ; of gases, 262 ; of 
liquids, 262 ; of solids, 261. 

Experiment, 3. 

Extension, 5 ; its measurement, 6. 

Eye, 249 ; defects of, 251. 

Falling bodies, 46, 55 ; laws of, 56. 

Field, electrical, 818; ma^etic, 
309, 355. 

Field-magnet, 394. 

Floating bodies, 115. 

Fluids, 97 ; characteristics of, 97 ; 
laws of, 103 ; perfect, 97 ; pres- 
sure in, 103. 

Fluoroscope, 390. 

Focus, 204 ; conjugate, 205, 224 ; 
of lens, 223; of mirrors, 204; 
tube, 390. 

Foot, 6 ; foot-pound, 72. 

Force, 23 ; graphic representation 
of, 34 ; how measured, 34 ; lines 
of, 307 ; parallel, 39 ; parallelo- 
gram of, 37 ; resolution of, 42 ; 
resultant of, 35 ; units of, 31. 

Force pump, 136. 

Forced vibrations, 157. 

Fountain, 110; vacuum, 129. 

Fraunhofer lines, 237. 

Friction, 92 ; limiting angle of, 92 ; 
rolling, 93 ; sliding, 93 ; uses of, 
93. 

Frictional machines, 328. 

Fundamental tone, 173. 

Gallon, 6. 

Galvanometer, 368 ; d'Arsonval, 
370 ; tangent, 369. 



Galvanotcope, 341. 

Gamut, 168. 

Gases, 21, 97 ; compresBibility 
97 ; media for sound, 14 
sources of sound, 176 ; thenn; 
conductiyity of, 288 ; velocity 
sound in, 151. 

Gassiot^s cascade, 886. 

Geissler tubes, 887. 

Grain, 8. 

Gramme, 8 ; ring, 893. 

Graphic methods in sound, 185. 

GraviUtion, 46 ; law of, 48. 

Gravitational unit of force, 31 2^ 
wave, 146. 

Gravity, 47 ; acceleration due to^ 
65 ; cell, 345 ; centre of, 49 s 
direction of, 48; pressure 
liquids due to, 106 ; specific, 116. 

Hardness, 17. 

Harmonic curve, 143 ; partials, 
175. 

Harmonic motion, 141; composi- 
tion of, 146. 

Harmonics, 175. 

Harmony, 182. 

Heat, absorption of, 292 ; conduc- 
tion of, 286 ; convection of, 288 ; 
due to electric current, 348; 
latent, 276; laws of radiation, 
292; lost in solution, 277; 
mechanical equivalent of, 296; 
measurement, 269; nature of, 
253 ; of fusion, 276 ; of vaporiza- 
tion, 283 ; radiant, 291 ; related 
to work, 295 ; sensible, 276 ; 
transmission, 285. 

Helix, 357. 

Holtz electrical machine, 829. 

Horizontal line or plane, 48. 

Horse-power, 74. 
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i^Hiifflidity, 282. 


of, 75. 


Hydraulic press, 104. 




Hydrometer, lid, 


Lamp, arc, 402 ; incandescent, 403. 




Lantern, projection, 248. 




Latent heat, 276. 


Images, by lenses, 226 ; by mir- 


Law, Boyle's, 136; Coulomb's, 


rors, 198, 208; by sm»U apar- 


•ii-2; Lenz'B, 380; Ohm's, 366; 


tUTGB, Wi. 


of Charles, 264; of ebullition. 


Iropenetrabmty, 8. 


279; of evaporation, 278; ol 


Impulse, 28, 


electrostatic action, 814 ; of fail- 




ing bodies, 56 ; of fusion, 27& ; 


. 400. 


of gravltaUon, 48 ; of heat radia- 




tion, 202; of magnetio action. 


Inclined plane, 88; mechanical 


304 ; of machines, 82 ; Pascal's, 


advantage of, 88. 


104 ; physical, 3. 


Index of tetractlQn, 214. 


Laws of motion, 20. 


Induced magnetism, 304. 


Leclancbe cell, 348. 


Induction, charging hy, 318 ; coil, 


Lens, 220 ; achromatic, 232 ; focus 


388; earth's, 310; elentroBtatic, 


of, 223 ; images hy, 226. 


317 ; magnetic, 304 ; self, S81. 


Lenz's law, 380. 


Inertia, ; centre ot, 50. 


Lever, 83; mechanical advantaga 


Influence machines, 329. 


of, 83. 




Leyden jar, 32S; action ot, 326! 


Interference, of light, 243; of 


charging and discharging, 325. 


sound, 163. 


Light, 188 ; an^Uyala of, 230 ; re- 




flection of, 11)6 ; retraction of. 


sound, 161. 


21 1 ; speed of, 189 ; syntheeis of. 


Intervals, 168 ; of diatonic scale, 


231. 


108 i ot tempered scale, 169. 


Lightning, 334. 


Ions, 339. 




laocUnic lines, 312. 


isoolinio. 312 ; isogonic, 813. 




Liquefaction, 274. 






Jar, Leyden, 325. 




Joule. 73. 


of, 119;incoraraunicfttingtubM, | 


Joule's equiyalent, 296. 


liO; medium for sound, 149; 




Burfafe level. 100 ; surface ot, 98 ; 


Key-note. 168. 


surface tension, 90 ; superposed, 


Key, telegraph, 404. 


110 ; thermal oonduotlrity, za7{ 




velocity of sound to, 162. ^^J 


metre, 72. 
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Local sii'tioD, 342. 


Microscope, compound. 24^ 


Lodeslone, aoo. 


simple, 246, 
Minor chord, 108, 


Loneiiudinal vibrations, 141. 


Loudness uf souud, lUI. 


Mirror, 19e ; plane. 108 ; ^herica* 




203 ; focus of, 204 ; images by -J 




20«. 


eleclrical, 328; law of, 82; 


Moment of a force, 41, 


mecbanical advautago of, 81. 


Momentum, 28. 




Motion, 33 ; accelerated, 25 ; cur- 1 


Magnel, anificittl, 301 ; bar, 301 ; 


yilinear, 24 ; harmonic, 141 ; lawB J 


eleciro, 350; horseshoe, 301; 


of. 20 ; pendular, 64 ; periodic. 


nalural, 300. 


64 ; uniform, 24. J 




Motor, electric, 387. 1 


SOI ; field. 300 ; lines of force. 


Musical scales, 188. 1 


307 ; ineridiaD, 303 ; needle, 30:J ; 


Musical sounds, 106. 1 




1 


tranflparency, 302. 




Magnetism, induced, 304 ; nature 


.■iOS. 


of, 305 ; permanent and tempo- 


Newton'8 law of cooling. SOS; 


rary, 306; terrestrial, 310; 


laws of moUon, 34 ; rings, 343. 


theory of, 307. 


Nodes, 174. 


Magneto, 381. 3S3. 


Noise, 166. 


Major chord, 168. 




Malleability, 18. 


Octave, 168. 




Ohm, :M3. 
Ohm'B law, 365, 


Marconi's sjsttun of wireless teleg- 


raphy, 410. 


Opaque bodies, 188. 


MaHB, 7 ; centre ai, 50 ; meBBOre- 


Opera glass, 247. 


menlof, 7. 


Optical centre, 221 ; InBtramenta, 


Matter, 1 ; properties of, 6 ; states 


'lib. J 


of. 20. 


Organ pipe, 177. M 




Oscillation, centre of, 67. ■ 


88. 89, 91, 105. 


Osmosis, 20 ; osmotic prasBnre, S0.1 




Ounce, 8. ^ 


287. 


Overtones, 175, 177 ; iawa of, 178. 


Mechanics, 23 ; of fluids, 97 ; of 




solids, 23. 


Partial tones, 175. 


Melting point, 274. 


Pascal's law, 103. 


Metre, fi. 


Pendular motion, 64. 


Metric system, 8. 


Pendulum, conical, 141 j com- { 


Micrometer caliper, 91. 


pound, 67 ; laws of, 65 ; Becondi, ■ 


Microphone, 411. 


66 ; simple, 03 ; utility, of 68. 







1 Percussion, centre of, 67. 


Quality of sounds, 180; due to ! 


Period of vibration, 66, 142. 


overtones, 181. 1 


Periodic motion, 84. 






Radiation, 2«1 ; laws of, 2B2. 






PholoBrapher's camera, 240. 


Rainbow, 234. 


Photometer, 194. 


Ray, of light, 190 ; of sound, 150. 


Pbotometiy. 103. 




Physical law, 3. 


vi-aves, 400. 


Physics defined, 2. 


Reflection, diffused, 197 ; law of. 


PiEmentB, mixing, 242. 


190 ; multiple, 201 ; of Ught, 


Pitch, 166 ; measurement of, 167 ; 


198 , of sound, 163 ; total. 218. 


relation to wave length, 167. 


Refraction, index of, 214 ; laws of. 


rusticity, 13. 


213; of light, 211; of HOimd, 


Plates, vibration of, 184. 


165. 


Plumb-line, 48. 


Relay, 405. 


Points, effect of, 320, 332. 


■Resistance, colla, 372; electrical, 


Polarization, 343. 


362 ; laws of, 363 ; unit of, 363, 




Resolution, of a, force, 42; of a 


net. 301. 


velocity, 42. 


Porosity, 8. 


Resonance, 163. 


Potential, difierence of, 322 ; faU 


Resonator, 159 ; Helmholtz's, 160. 


of, 374 ; ruro, .S23. 


Resultant, 35, 39. 


PotentiBl energy, 74. 


Relentivity, 306. 


Pound, 7, 31. 


Rods, vibration of, 183. 


Power, 73. 


Roentgen rays, 389. 


Powers, mechanical, 81. 




Pressure, 43 ; at a point In fluids. 


Savart's wheel, 167. 


107; atmospheric, 123; dne to 




gravity, 106; independent of 


169. 


shape of veaael, 108 ; in fluids, 


Screw, 00 ; mechanical advantage 


1 103 i osmotic, 19 ; rules for com- 


of. 01. 


puting, 108. 


Secondary or storage battery, 353. 


Principle of Archimedes, 113. 


Seconds pendulum, 06. 


Prism, 216; angle of deviation. 


Self-induction, 381. 


217. 


Sensible heat, 276. 


Proof-plane, 315. 


Shadows, 191. 




Shuttle armature, 303. 




Sight production of, 260, 


1 of, 87 ; systenis of. 87. 


Singing flame. 165. 


. Pump, air, 127; condenaing, 131 ; 


Siphon, 132. 


1 fittce, 136 J suction, 135. 


Siren, 167. ^^^^^^^^^J 


J^^^^^rgTTT' 'II 'i^'~'i~i 
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Suzpenaion. centre ol. 67. 


1 


Solids, 19; denGit; of, 117; me- 


Swilch-board. 418. 


1 


diom for sound, 140 ; Ihermal 


Sympathetic vibrations. 157. 






Synthesis of light. 231. 


1 


■ODDd in, 1&2. 




1 


Sonometer, 171. 


Telegraph, elBcirio, tOi ; ajjiil^ 


H 


Sound, 148 ; sji u s medinm of. 


406 ; syBlem, 409. 


1 




Telegraphy, wireless, 407; Mw-*'"^ 


182 ; inlensity of, 161 ; liquids us 


coni'B ayalem. 410. 




media, 140 ; loudness of, lei ; 




ttttaacai, 190 ; qnallc; of. 180 ; 


migneUc, «1. 




Klids SB media. Ii9 ; source of. 


Telescope, astronomical, B47; 2 


s 




GalUeo's, 247. 




looity of, 161. 


Temperament, 169. 






Temperature, 254 ; ueafiuriDg, 


-* 


Sound waves, 150 ; reflection of, 


254. 


163 ; refraction of, 165. 


Tempered scale, 169. 


^ 




Tempering, 17, 169. 




Specific gravtly, 116; qiecific 


Tenacity. 19. 


J 


gravity bottle, 119. 


Theory, 3. 


1 




Thermal capacity, 2T0. 


1 


of, 271. 


Thermometer, 255; air, 258| lim- 


1 


Spectroscopie, 235. 


ilaUons of, 258 ; scalee, S6T. 


1 


Spectrum. Bolar, 230 ; analysis of. 


Thunder, 335. 




238 ; kinds of, 236. 


Time. 25. 




Speed, 27. 


Tone, fundamental, ITS ; partial, 






175. 




Spheroidal atate, 276. 


TorriecUian experiment, 122. 




Subility, 63. 


Torsional vibrations, 141. 




Suble equilibrium, 62. 


Transformer, 309. 




Steam engine, 297. 


Translucent bodies, 188. 




Steelyard, 86. 


Transmitter, solid bftclt, 412. 




Strain, 11, 43. 


Transparent bodies, 188. 




Stress, 11, 43. 


Transverse vibrations, 140. 


J 


Strength of an eleotdc current. 


Tuning-fork, 184. 


1 


364 ; methtwiB o( varying, 366. 




1 


Strings, laws of, 171. 


Vacuum, TorricBlliai), 122, 


1 


Sublimation, 278. 


Vaporization, 277 ; heat of, 28a 




Substance, 1. 


Velocity, 24; composition of, 38; 




Suction pump, 135. 


constant, 24 ; graphic repreten- 




Surface tension, 89; aiuslraUonH 


tation of, 38 [ of light, 186 ; of 




of, 100. 




J 
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88; resolution of, 42; uniform, 
24 ; variable, 24. 

Ventilation, 290. 

Ventral segments, 174. 

Vertical line, 48. 

Vibrating body, 148; effect of 
area, 163. 

Vibration, amplitude of, 142; 
classified, 140; complete, 65, 
140; forced, 167; longitudinal, 
141; of bells, 186; of plates, 
184 ; of rods, 183 ; period of, 66 ; 
single, 66; sympathetic, 157; 
torsional, 141 ; transverse, 140. 

Vibration-rate measured, 167, 185. 

Viscosity, 97. 

Volt, 366. 

Voltaic cell, 337 ; chemical action 
in, 338. 

Volumeter, 366. 
Voltmeter, 371. 



Vo88 electrical machine, 329. 

Water hammer, 47. 

Watt, 74. 

Wave motion, 140 ; form, 143. 

Waves, 142 ; compressional, 146 ; 
electric, 407 ; gravitational, 145 ; 
kinds, 144 ; length, 144, 167. 

Wedge, 90. 

Weight, 7, 47 ; law of, 49. 

Wheatstone's bridge, 376. 

Wheel and axle, 85; mechanical 
advantage of, 85. 

Whispering gallery, 165. 

Wireless telegraphy, 407 ; Mar- 
coni's system, 410. 

Work, 71 ; units of, 72 ; useful, 
82 ; wasteful, 82. 

X-rays, 389. 

Yard, 6. 



SCIENCE 

First Principles of Chemistry 

By Raymond B. Brownlee, Far Rockawaj High School ; Robert 
W. FULLER. Stuyvesant High School; William J. Hancock, Eras- 
mus Hall High School; Michael D. Sohon. Morris High School; 
and Jesse E. Whitsit. DeWitt Clinton High School; all of New 
York City. lamo, cloth, 435 pages. Price, ^1.35. 

THIS book was prepared by the committee of teachers that 
was called upon to frame the syllabus in Chemistry for New 
York State. Its three fundamental features are : — 

1. The experimental evidence precedes the chemical theory. 

2. The historical order is followed as fiur as possible in de- 
veloping the theory. 

3. The practical aspects of the science are emphasized. 

In selecting their material the authors have been governed 
wholly by what they consider its intrinsic value to the elementary 
student, without reference to its traditional place in a tezt-book. 

To give the pupil some idea of the great commercial impor- 
tance of chemistry a number of typical manufacturing processes 
have been described and illustrated. When a substance is manu- 
factured in several ways the authors have given the process most 
used in this country. The commercial production of copjDer, 
aluminum, iron, and carborundum has been described in detail, 
as these are notable examples of modem chemical processes. 

An important feature is the brief summar)- and the test exer- 
cises given at the end of each chapter. 

Laboratory Exercises to Accompany First Principles 
of Chemistry 

By the authors of the First Principles of Chemistry. lamo, flexible 
cloth, 147 pages. Price, 50 cents, 

IN this manual are included seventy-one experiments, divided 
into three groups. Group A consists of fort}-four experiments 
which all students should perform. Group B contains quantitative 
experiments, and Group C includes several extremely interesting 
experiments dealing with the practical applications of Chemistry. 

&1 



Practical Physiography 

lerkdey, California. 8vo, cloth, 

THIS is the moat attractive text-book on Physical Geography 
yet published. It contains over 40a illustrations, beautitiilly 
reproduced, and ten colored maps. Most of the views are from 
the author's own negatives, and were taken espedally to illustrate 
parts of the book. 

The earth is not studied as a 5xed model, but as a world 
whose physical features are undergoing continual change. These 
changes are seen to atiect the climate and life conditions of plants 
and animals, and to have impori:ant infiuenee on the activities of 
men. It is the object of the Physiography that the pupils gain 
an ability to understand the meaning of the phenomena of the 
land, the water, and the air, and the relation of all life to them. 

Part I treats of general physiographic processes. Part II has 
to do with the physiography of the United States. The book is 
intended as an aid to study — not as a compendium of infor- 
mation; consequently a description of the world as a whole is 
omitted. Attention is devoted specifically to the region of the 
United Slates, and typical examples afforded by it are studied as 
representatives of world-wide processes. 

No separate chapters have been devoted to the relation between 
physical nature and life, but instead, this relation is brought out 
In its appropriate place in connection with each topic throughout 
the book. 

The purely descriptive method has been discarded as far as 
practicable, the object being to lead the student to investigate 
and find out for himself. 

Suggestive questions are distributed throughout the book in 
dose connection with the descriptive portions of the text to 
which they refer. The object of these is to stimulate the pupil 
to think for himself. y 

The book includes field and laboratory exercises which may 

be enlarged and adapted to the needs of a particular locality. 

to 
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Exercises in Physical Measurement 

By Professors L. W. AUSTIN, University of Wisconsin, and C. B. 
Thwing, Syracuse University. i2mo, cloth, ao8 pages. Price, ^1.50. 

THIS book is a laboratory manual for the first year of the col- 
lege or university. 

Part I has those exercises which are in the practicum of the 
best German universities. They are exclusively quantitative, and 
the apparatus required is inexpensive. 

Part II contains such suggestions regarding computations and 
important physical manipulations as will make unnecessary the 
purchase of a second laboratory manual. 

Part III contains in tabular form such data as will be needed 
by the student in making computations and verifying results. 

Elements of Physics 

By Professor HENRY S. Carhart, of the University of Michigan, and 
H. N. Chute, of the Ann Arbor High School. i2mo, cloth, 408 pages. 
Price, ^i.ao. 

Electrical Measurements 

By Professor Henry S. Carhart and Asst. Professor G. W. Patter- 
son, University of Michigan. i2mo, cloth, 344 pages. Price, $^.00, 

IN this book are presented a graded series of experiments for 
the use of classes in electrical measurements. Quantitative 
experiments only have been introduced, and these have been 
selected with the object of illustrating general methods rather 
than applications to specific departments of technical work. 

Explanations or demonstrations of the principles involved have 
been given, as well as descriptions of the methods employed. 

Elements of Chemical Physics 

By JosiAH Parsons Cooke. 8vo, cloth, 751 pages. Price, ;j54.5a 
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